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FOREWORD 

Th is   long   s tand ing   p ro jec t  has  had a good share of happy  and  ex- 

c i t i n g  moments,  when d i f f e r e n t   s t a g e s  of  success i n   t h e   l a b o r a t o r y  

crowned  long  susta ined  e f for t   which  inc luded  creat iv i ty ,   pers is tance,  

and p l a i n   h a r d  work. But, un fo r tuna te l y ,   t he re  have  been  more than  a 

normal  share of sad moments. Three  peop le   assoc ia ted   w i th   the   p ro jec t  

have  passed away.  Bob Russell, who t o o k   i n i t i a l   r e s p o n s i b i l i  

design and implementation o f  power supp l i es  t o  d r i v e   t h e  coi  

d i e d   t r a g i c a l l y   i n  September o f  1968. Then, i n  December of I 

Harleth  Wi ley,   the  long  t ime  promoter of wind  tunnel  magneti 

t y  f o r  t h e  

I system, 

973, 

c suspension 

research and t o  whom t h i s   e n t i r e   p r o j e c t   i s  enormously  indebted i n  so 

many  ways, passed away. Fina I ly, i n  September of  1974,  Hermon Parker 

died. Hermon  was t h e   c r e a t i v e   i n t e l l e c t u a l   f o r c e   b e h i n d   t h e   U n i v e r s i t y  

of Virginia  magnet ic  suspension  concept,   which he f i r s t   d i s c o v e r e d   i n  

1959. He  was the   au fho r  o f  p r a c t i c a l   s c a l i n g  laws fo r  magne t i c   co i l s  

and was t h e   f i r s t  t o  champion the  "cold  balance"  concept.  He a l s o  saw 

t h e   p o t e n t i a l  of  iron  cores  in  aerodynamic  models and d id   ex tens i ve  

r e s e a r c h   o n   t h e   f e a s i b i l i t y  of  u t i l i z i n g   i r o n   v i s - a - v i s   t h e   r e q u i r e m e n t s  

o f   the   quas i   s ix -degree-o f - f reedom  tes t ing   concept   fo r  dynamic s t a b i l i t y  

s tud ies .   Th is   au thor  was f o r t u n a t e   t o  be assoc ia ted   p ro fess iona l l y  

w i t h  Hermon Parker and t o  en joy   h i s   pe rsona l   f r i endsh ip   as   we l l .  Words 

are  inadequate t o  desc r ibe   t he  loss h is   un t ime ly   dea th  means t o  a l l  of  

us present and pas t  members of  t h i s   r e s e a r c h  team. Rather, i n   t h e  

knowledge t h a t   t h i s   p r o j e c t  meant  so much t o  him and t h e   r e a l i z a t i o n  

o f   h i s   p i o n e e r i n g   c o n c e p t s  gave  him so much p e r s o n a l   s a t i s f a c t i o n ,   t h i s  

f i n a l   t e c h n i c a l   r e p o r t   i s   d e d i c a t e d   t o   h i s  memory. 

R. N. Zapata 

January I975 



I . . I NTRODUCT ION 

T h i s   r e p o r t  i s  concerned  with  basic  research  and  development work 

t o w a r d s   p r o v i n g   t h e   f e a s i b i l i t y  o f  operat ing  an  a l l -superconductor  

magnetic  suspension  and  balance  device  for  aerodynamic  test ing.  There 

were o r i g i n a l l y  two p r i n c i p a l   o b j e c t i v e s   g u i d i n g   t h i s  work, i.e., 

( 1 )  t o  s t u d y   t h e   f e a s i b i l i t y  of app ly ing  a quasi-six-degree-of-freedom 

f ree   suppor t   techn ique t o  dynamic s t a b i l i t y  research,  and  (2) t o  in-  

ves t iga te   des ign   concepts   and  parameters   tha t   appear   c r i t i ca l  fo r  

applying  magnetic  suspension  techniques t o  large-scale  aerodynamic 

f a c i l i t i e s .  As t ime  progressed i t  became p r a c t i c a l  t o  s h i f t   t h e  

r e l a t i v e  emphasis  between  these two o b j e c t i v e s  more  and  more i n   f a v o r  

o f   t h e  second  one. Hence, a l t h o u g h   t h e   v a l i d i t y   o f   t h i s   a p p r o a c h  and 

the   l eg i t imacy  o f  ou r   g roup   i n te res t   conce rn ing   dynamic   s tab i l i t y   re -  

search  have  never been ser ious ly   ques t ioned it w i l l  be  obvious from 

t h e   t o n e  and t h e   b u l k  of t h e   c o n t e n t  of  t h i s   r e p o r t   t h a t   o u r  most 

v i g o r o u s   e f f o r t s  have  been  devoted t o   t h e   p u r s u i t  of  t h e  second ob jec t i ve .  

To p u t   t h i s   f i n a l   r e p o r t   i n t o   p r o p e r   p e r s p e c t i v e  it i s   a p p r o p r i a t e   t o  

keep i n  mind t h a t  work  supported  by t h i s  NASA Grant NGR 47-005-112 i s  a 

cont inuat ion  o f   work  suppor ted  by NASA Grant NGR 47-005-029 and i s  

cu r ren t l y   be ing   f o l l owed  up under NASA Grant NGS-IOIO. Overa l l ,   t he  

development of  t h i s  un ique   p ro to type   ae rodynamic   t es t   f ac i l i t y   t ook  

about   e igh t   years  from t h e   i n i t i a l  formal  design  studies t o  complete 

implementation,  although i t  i s   h a r d  t o  p i n  down an  exact  length o f  t ime  

because t h e   c u r r e n t   f o l l o w  up of  work s ta r ted   under   t he   g ran t   f o r   wh ich  

t h i s   f i n a l   r e p o r t   i s   w r i t t e n ,   i s   i n t i m a t e l y   c o n n e c t e d   w i t h   f u r t h e r  

development and ref inement  o f  t h e   b a s i c   p r o t o t y p e   f a c i l i t y . '  

However, t h e   o f f i c i a l   t e r m i n a t i o n   d a t e  fo r  Grant 47-005-112 

(September 30, 1974)  does  mark a d e f i n i t e  change of  emphasis from 

r e s e a r c h   e f f o r t   c e n t e r e d   o n   t h e   p r o t o t y p e   f a c i l i t y   p r o p e r  t o  research 

e f f o r t  on  sca I i ng of  compoments f o r  a l a r g e r   f a c i  I i t y .  Furthermore, 

the   de f in i t i ve   p roo f -o f -concept   exper iments   took   p lace   in   the   midd le  of  

the  grant   per iod  which  extended from September I ,  1969 t o  September 30, 1974. 



Dur ing   t he   f i ve   yea rs   cove red   i n   t h i s   repo r t ,   ou r   research   g roup  

publ ished  several   papers and r e p o r t e d   p e r i o d i c a l l y   t o  NASA on c u r r e n t  

progress. Thus, most o f   t h e   s i g n i f i c a n t   r e s u l t s   d e l i v e r e d  have a l ready 

been  communicated e i t h e r   i n   t h e  open l i t e r a t u r e  o r  i n   d i r e c t  communica- 

t i o n s   t o  NASA. There i s   m e r i t  though, i n   b r i n g i n g   t o g e t h e r   i n  one 

repor t ,  however b r i e f l y ,   a l l   r e l e v a n t   a s p e c t s  of t h e  development o f   t h e  

p r o t o t y p e   f a c i l i t y ,  such t h a t  a se l f -conta ined  comprehensive  descr ip t ion 

r e s u l t s .   T h i s   i s   t h e   g o a l   o f   t h e   p r e s e n t   r e p o r t .   I t s  main  body i s  

d i v i d e d   i n t o   t h r e e   s e c t i o n s ,  i .e. ,   Design  Character ist ics,   Operat ional  

C h a r a c t e r i s t i c s ,  and S c a l i n g   t o   L a r g e r   F a c i l i t i e s .  A l i s t   o f   r e l e v a n t  

p u b l i c a t i o n s  by members o f   t h e   U n i v e r s i t y   o f   V i r g i n i a   r e s e a r c h   g r o u p  

i s   i n c l u d e d   a t   t h e  end o f   t h e   r e p o r t .  

2. DESIGN CHARACTERISTICS 

A. A magnetic  suspension and balance  system i s  a r a t h e r  complex 

device  even i f  conven t iona l   t echno logy   i s   u t i l i zed .   I n   t he   p resen t  case, 

s ta te -o f - the-ar t   techno logy  was explored and adopted fo r   seve ra l  key 

components of  t h e   f i n a l  system. This  tended t o   p a r c e l   o u t   o u r   d e s i g n  

e f f o r t s   i n   r a t h e r   w e l l   d e f i n e d   s e p a r a t e  packages  which, o f  course, had 

t o  be i n t e g r a t e d   i n t o   t h e   o v e r a l l  system. The d e s c r i p t i o n  below i s  

g i v e n   i n   t e r m s   o f   t h e s e   d i f f e r e n t  component p a r t s  and borrows  heavi ly 

f rom reference ( 4  1. 

2.1 C o i l  System 

The des ign   o f   ou r   p ro to type   f ac i l i t y   evo l ved   f rom  the   concep t  o f  a 

cold  magnetic  suspension and balance f i r s t  proposed  by  Parker i n  1966 ( I ) .  

The basic  idea was t o  reduce  s ize and  power d i s s i p a t i o n  (and  hence  con- 

s t r u c t i o n  and opera t i ona l   cos t )   o f   suppor t i ng  and m a g n e t i z i n g   c o i l s  by 

r e d u c i n g   t h e   r e s i s t i v i t y   o f   c o n d u c t o r s  used t o  wind  such c o i l s .  Drama- 

t i c   r e d u c t i o n s  were p r e d i c t e d   f o r  a c o i l  system u t i l i z i n g   h i g h   p u r i t y  

copper  operated a t  20'K. P a r k e r   i l l u s t r a t e d   t h i s   c o n c e p t   w i t h  a h i g h l y  

symmetric c o i l   c o n f i g u r a t i o n   w i t h   e x c e l l e n t   c h a r a c t e r i s t i c s  for  use  as 

a force  balance  as  wel l   as a model suspension. The bas ic   opera t ing  

p r i n c i p l e   o f   t h i s   m a g n e t i c   s u s p e n s i o n  and balance i s   e a s i l y   e x p l a i n e d  

2 



w i t h   t h e   a i d   o f   F i g u r e s  I and 2. A per fect   sphere of i s o t r o p i c  

fer romagnet ic   mater ia l ,  when p l a c e d   i n  a un i fo rm  magne t i c   f i e ld  becomes 

un i fo rmly   magnet ized .   S ince   the   magnet iz ing   f ie ld   i s   un i fo rm it e x e r t s  

no f o r c e  on the  magnetized  sphere. A f o rce  does r e s u l t  i f  a magnetic 

f i e l d   w i t h  a g r a d i e n t   i s  added. Th is   can   be   p roduced  e f f i c ien t ly   by  a 

p a i r   o f   c o i l s ,  wound on a common symmetry axis,   p laced  symmetr ical ly 

about  the  sphere, and w i th   equa l   bu t   oppos i te   cu r ren ts .  Such an 

arrangement  produces  no f i e l d   b u t  maximum f i e l d   g r a d i e n t   a t   t h e  sphere 

center ,   p ropor t iona l  t o  t h e   c u r r e n t   f o r   a i r - c o r e   c o i l s .  

The d i r e c t i o n  and the   magn i tude  o f   the   fo rce  on the  sphere depend 

on the   ang le  4 between t h e   g r a d i e n t   c o i l   p a i r   a x i s  and t h e   d i r e c t i o n   o f  

magnet izat ion of the  sphere. The fundamenta l   re la t ionsh ip   i s :  
-+ -% -f 

dF = (dM*V) B 
-% + +  

where d F i s   t h e   e l e m e n t   o f   f o r c e   a c t i n g  on  an  element dM = M dV o f  

magnetized  material  of  volume dV i n  an e x t e r n a l   f i e l d  B. Assuming t h a t  

t h e   g r a d i e n t   f i e l d   i s   a x i a l l y   s y m m e t r i c a l   a b o u t   t h e   g r a d i e n t  c o i l  a x i s  

which  passes  through  fhe  center  of  the  sphere,  no moment o f   f o r c e   a c t s  

on the  sphere  and  the  force  on  the  sphere i s   i n   t h e   p l a n e   d e f i n e d  by 

t h e   d i r e c t i o n   o f  M ( o r  B, i n   t h i s   c a s e )  and t h e   g r a d i e n t   c o i l   a x i s .  

I n   F igu re  2 the   two  spec ia l   cases .o f   co i l   con f igura t ions   wh ich  

-+ 

-% -+ 

y ie ld   t h ree   o r thogona l   f o rce   d i rec t i ons   a re   no ted .  The f i r s t   c o n f i g u -  

r a t i o n   c o n s i s t s   o f   t w o  pa i r s   o f  I$ = t a n - l f i   c o i  I s and  one pa i r o f  9 = 0 

co i l s .   Th i s   co i l   a r rangement  (somewhat mod i f ied)  has  been  used 

successful ly  by  Zapata and Dukes a t   P r i n c e t o n  (2 ) .  The second conf igu-  

r a t i o n   c o n s i s t s   o f   t h r e e   p a i r s   o f   g r a d i e n t   c o i l s   p l a c e d   s y m m e t r i c a l l y  

about   the   sphere   magnet iza t ion   ax is   a t   an   ang le  9 = tan- IJ8.  The t h r e e  

o r t h o g o n a l   f o r c e   d i r e c t i o n s   l i e   a l o n g   t h e  edges of a cube whose major 

d iagona l   co inc ides   w i th   the   magnet iza t ion   ax is .   Th is   con f igura t ion  

prov ides   the  maximum space for  p l a c i n g  a w ind   t unne l   i ns ide   t he   co i l  

assembly, w i t h   t h e  flow d i rec t i on   a l i gned   w i th   t he   sphere   magne t i za t i on  

vec to r .   Th i s   i s   t he   con f igu ra t i on   adop ted  fo r  t h e   p r o t o t y p e   f a c i l i t y  

developed a t   t h e   U n i v e r s i t y  of V i rg in ia . .  

3 



TAN p = 3 sin 9 cos + 
3 COS2 + - I 

F igure  I U n i v e r s i t y  o f  Virginia  Magnetic  Suspension 
P r i n c i p l e .  
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Figure  2 Force D i r e c t  i o n  and Magnitude  versus 4 .  
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The t rans i t i on   f rom  s imp ly   co ld   (o r ,  more prec ise ly ,   supercooled)  

normal  conductors t o  superconductors  operat ing a t   l i q u i d   h e l i u m  tempera- 

t u r e  was mot iva ted   by   the   des i re  t o  t e s t   i n   t h e   p r o t o t y p e   f a c i l i t y   a s  

much of the   t echno logy   es t ima ted   t o  be  needed fo r  l a r g e   s c a l e   f a c i l i t i e s  

as  poss ib le .  A d iscuss ion   o f  some o f   t he   p rob lems   assoc ia ted   w i th   us ing  

supercooled  h igh  pur i ty   conductors  may be found  in   re fe rence ( 3 ) .  A 

comprehensive,  updated  discussion on t h e   r e l a t i v e   m e r i t s   o f   s u p e r c o o l e d  

vs.  superconductor  suspension  systems f o r   i n t e r m e d i a t e   s i z e   f a c i l i t i e s  

i s   cur ren t ly   be ing   p repared  under   Grant  NSG-IOIO and w i l l  be publ ished 

as a separa te   p rog ress   repo r t   i n   ea r l y  1975. 

The g rea tes t   unc ,e r ta in t y   conce rn ing   t he   u t i l i za t i on   o f   super -  

conductors  for  wind  tunnel  magnetic  suspension and  balance  systems was 

the   leve l   o f   energy   d iss ipa t ion   (and hence, he l i um  bo i l -o f f )   assoc ia ted  

w i t h  a.c. o p e r a t i o n   i n   t h e   t i g h t l y   c o u p l e d  dynamic  environment  typical 

o f  such  systems. A t  t h e  same t i m e ,   t h i s  a.c. behav io r   cons t i t u ted   t he  

most c r i t i c a l   d e s i g n   p a r a m e t e r   v i s - a - v i s   f e a s i b i l i t y   o f   t h i s   e n t i r e  

magnetic  suspension  concept,  including  safety and  economic  considerations. 

Hence, it f o l l o w s   t h a t   t h e  most s i g n i f i c a n t   c o n t r i b u t i o n  we c l a i m   i n   t h i s  

r e p o r t   i s   t h e  removal o f   t h i s   u n c e r t a i n t y  and the   exper imenta l   p roo f   o f  

t h e   f e a s i b i l i t y   o f   u s i n g   s u p e r c o n d u c t o r s   i n   t h i s   t y p e   o f  dynamic 

operat ion.  

A d imens iona l   ske tch   o f   the   co i l  assembly o f   t h e   p r o t o t y p e   f a c i l i t y  

i s   g i v e n   i n   F i g u r e  3. C r o s s s e c t i o n s   o f   t h e   m a i n   f i e l d   c o i l ,   b o t h   d r a g  

augmentat ion  coi ls,  and  one g r a d i e n t   c o i l   p a i r   a r e  shown toge the r   w i th  

contours   o f   the   w ind   tunne l  and t h e   l i q u i d   n i t r o g e n  and l i q u i d   h e l i u m  

dewars. Pr inc ipa l   d imensions and o t h e r   d e s i g n   c h a r a c t e r i s t i c s   o f   t h e  

c o i l s   a r e  summarized in   Tab le  1 .  

2.2 Cryogenic  System 

The requ i rement   o f   p rov id ing  a l iqu id   he l ium  env i ronment   fo r   the  

o p e r a t i o n   o f   t h e   s u p e r c o n d u c t i n g   c o i l s   i s   s a t i s f i e d  by a cryogenic sub- 

system c o n s i s t i n g   o f   t h r e e   p r i n c i p a l  components: a he l ium  cryostat ,  

a se t   o f   vapor -coo led   cur ren t  leads, and appropr ia te  pressure and 

temperature  inst rumentat ion.   Th is   cryogenic   subsystem  is   the  least  
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Figure 3 Sketch  of Superconductor  Coil  Configuration 



TABLE I 

P r o t o t y p e   C o i l   C h a r a c t e r i s t i c s  

COI L TYPES 

PROPERTIES GRAD I ENT DRAG AUGMENTATION MAIN FIELD 

Number o f   c o i l s   i n   a s s e m b l y  

Number o f  t u r n s / c o i l  

Dimensions, OD/ ID/L (cm) 

Type o f   superconduc to r  

Type of  o p e r a t i o n  

Measured r e s i s t a n c e  room  temp./ 

Measured  inductance  room  temp. / 

Measured Q - f a c t o r  room  temp./ 

0 3  L He temp. ( 0 )  

L He temp. ( 0 )  

L He temp. ( S I )  

Maximum d e s i g n   c u r r e n t  ( A )  

Maximum mag. f i e l d   a t  NSP ( G I  

Maximum mag. f i e l d   g r a d i e n t   a t  

( I  c o i l )  

NSP (G/cm) ( I coi  I 1 
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convent ional  component of t h e   p r o t o t y p e   f a c i l i t y  and has, a t   t h e  same 

t ime,   in f luenced  the   des ign   o f   severa l   o ther  components qui te  markedly.  

For t h i s  reason, it i s   a p p r o p r i a t e   t h a t   t h e   f o l l o w i n g   d i s c u s s i o n  be 

su f f i c ien t ly   comprehens ive   even  a t   the   r i sk   o f   mak ing  it somewhat lengthy. 

Exper imental   hel ium  cryostats  must meet t h e   b a s i c   s p e c i f i c a t i o n   f o r  

a storage dewar, i .e.,   hold a p resc r ibed   quan t i t y  of l i q u i d   h e l i u m   w i t h  

minimum re f r i ge ra t i on   l osses   t ha t   occu r   ch ie f l y   by   conduc t ion  and 

r a d i a t i o n  mechanisms. Conduct ion  losses  are  minimized  by  (a)   construct ing 

the   c ryogen ic   vesse l   w i th   th in ,  low thermal -conduct iv i t y   mater ia ls ,   (b )  

su r round ing   t he   l i qu id   con ta ine r   w i th  a  hard-vacuum jacket ,  and (c )  

carefu l   des ign  o f   leads and in te rna l   suppor ts   connect ing  low  and h i g h  

temperature  reg ions.   Radiat ion  losses  are  min imized  by  e i ther   o f  two 

methods: ( I )  su r round ing   t he   l i qu id   con ta ine r   w i th  a wa l l   he ld  a t  an 

in te rmed ia te   tempera ture   ( typ ica l l y ,  l i q u i d  ni t rogen  temperature) ,  ( 2 )  

in te rpos ing  a s e r i e s   o f   r e f l e c t i n g   s u r f a c e s   o r   s h i e l d s  between t h e  

l i qu id   con ta ine r   wa l l  and t h e  (room  temperature)  outside w a l l ;  o f t e n  a 

combinat ion  of   both  these methods i s  used fo r   inc reased  e f fec t i veness .  

As ide  f rom  the  foregoing  spec i f icat ion,   the  prototype  cryogenic  

u n i t  must s a t i s f y   t h e   f o l 1 6 w i n g   f u n c t i o n a l   c o n s t r a i n t s :  ( i )  room  tem- 

perature  access  for   the  supersonic  wind  tunnel ,   the model pos i t ion   sensor ,  

and o t h e r  system  components  must be provided, ( i i )  the   d is tance between 

t h e   c o i l s  and t h e  wind  tunnel  should be kept  as  short  as  possible, 

( i i i )  in te r fe rence   w i th   t he   magne t i c   i n te rac t i on  between t h e   c o i l s  and 

t h e  suspended  model  must  be  avoided, ( i v )   a c c e s s i b i l i t y   t o   t h e   c o i l s  and 

o t h e r  components i n s i d e   t h e  dewar  must be reasonably good. F i n a l l y ,  .a 
common s p e c i f i c a t i o n   f o r   e x p e r i m e n t a l  systems, h igh   re1   iab i  I i t y ,  

assumes spec ia l   impor tance   i n   t h i s  case. 

Wi thout   go ing   in to   excess ive   de ta i l ,   cons ider  a few o f  t h e  most 

s i g n i f i c a n t  consequences o f   t hese   spec i f i ca t i ons .   Fo r  example, c o n s t r a i n t  

( i )  leads t o  a genera l i zed   annu la r   geomet ry   i n   po ten t i a l   con f l i c t   w i th  

c o n s t r a i n t s  ( i i )  and ( i i i ) ,  s ince   t he   i ns ide   wa l l s  of the  annulus wi l l  

stand between t h e   c o i l s  and t h e  suspended  model.  Furthermore, t h e  

p o s s i b i l i t y   o f   u s i n g  a s imp le   rad ia t i on   ba r r i e r   a round   the  he1  ium 
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c o n t a i n e r   ( t y p i c a l l y ,  a copper s k i r t   h e l d   a t   l i q u i d   n i t r o g e n   t e m p e r a t u r e ,  

loca ted   ins ide  a s i n g l e  vacuum j a c k e t ) ,   i s   e l i m i n a t e d   s i n c e   t h e  eddy 

cur ren ts   induced  in   such a h igh   thermal -and  e lec t r i ca l -conduct iv i t y  

b a r r i e r   w i l l   s u r e l y   i n t e r f e r e   w i t h   t h e   i n t e r a c t i o n  between t h e   c o i l s  

and t h e  model. An a l t e r n a t e   s o l u t i o n   c o n s i s t i n g   o f   p a c k i n g   s u p e r i n s u l a t i o n  

(a lumin ized  my lar )   in   the  vacuum jacket   sur round ing   the   he l ium  vesse l  

has t o  be e l i m i n a t e d   f o r   t h e  same reason.  The on ly   rema in ing   p rac t i ca l  

s o l u t i o n  uses a l i q u i d - n i t r o g e n   r a d i a t i o n   s h i e l d ;  however, t h i s   s o l u t i o n  

inc reases   cons iderab ly   the   complex i ty   o f   the   des ign   o f   the   c ryos ta t ,  

s ince  it r e q u i r e s   f o u r   w a l l s  between the   l iqu id   he l ium  env i ronment  

and t h e  room t e m p e r a t u r e   e n v i r o n m e n t .   T h i s   s o l u t i o n   i s   s t i l l   i n   p o t e n t i a l  

c o n f l i c t   w i t h   c o n s t r a i n t s  ( i i )  and ( i i i )  as  can  be  appreciated upon 

examination of F igure 3. The c y l i n d r i c a l   i n n e r   w a l l s   o f   t h i s   c r y o s t a t  

(shown a s   v e r t i c a l   l i n e s   i n   t h e   f i g u r e )   a r e   v e r y   t h i n  and a r e  spaced very 

c l o s e l y   t o  one  another i n  an e f f o r t   t o  meet c o n s t r a i n t  ( i i ) .  O r i g i n a l l y ,  

a l l   f o u r   i n n e r   t u b e s  were made of   f iberg lass-epoxy bonded t o   t h e   r e s t   o f  

the  cryogenic  vessel  by a special  process. I t  must be  remembered a t  

t h i s   p o i n t   t h a t   t h e   e f f e c t i v e n e s s  of a l i q u i d   h e l i u m  dewar  depends 

most c r i t i c a l l y  on t h e   t i g h t n e s s   o f   t h e  vacuum jacke t   su r round ing   t he  

l i q u i d   c o n t a i n e r .  Even small  leaks  (by more convent ional   standards) 

cannot be t o l e r a t e d .  A t  t h e  same t ime,   the   success   o f   th is   en t i re  

electromagnetic  balance  concept  hinges upon t h e   a b i l i t y   t o   o p e r a t e   t h e  

balance  without  excessive  hel ium  losses.  Consequently, when a vacuum 

leak  developed  in one o f   t h e   f i b e r g l a s s   t u b e s   o f   t h e   i n n e r  vacuum 

jacket ,  and r e s i s t e d   a l l   a t t e m p t s   t o   r e p a i r  it, b o t h   t u b e s   o f   t h a t  

vacuum j a c k e t  were replaced by  non-magnetic s ta in less   s tee l   t ubes .  

Experiments  conducted t o  determine  the  nature and  magnitude o f   t h e   e f f e c t  

o f   the   p resence  o f   these  (meta l )   wa l l s  on the   magne t i c   i n te rac t i on  be- 

tween t h e   c o i l s  and t h e  model, revea led . tha t   magne t i c   f i e ' l d   a t tenua t ion  

and  phase s h i f t   a s s o c i a t e d   w i t h  eddy cur ren ts   induced  in   these  wa l ls ,  

were o f   s m a l l   b u t   f i n i t e  magnitude. As expected,  these  ef fects  are 

accentuated  as  the  f requency  o f   the  co i l   current   increases.  These 

experiments  are documented i n   r e f e r e n c e  3. 
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The dewar i s  phys i ca l l y   separab le   i n to  twb p a r t s :   t h e   i n n e r ,   o r  

l i q u i d   h e l i u m  dewar, and the   ou te r ,  or  l i q u i d   n i t r o g e n  dewar. T h i s  

c h a r a c t e r i s t i c   p r o v e d   i n v a l u a b l e   a t   t h e   t i m e   t h e  le.ak i n   t h e   i n n e r  

dewar was detected and subsequent ly   f i xed .   Un less   there   i s  a reason t o  

separate them, normal ly   bo th   par ts   s tay   together  when t h e   c o i l  assembly 

i s  removed f rom  the  system. When t h e  system i s   f u l l y  assembled, both 

these   pa r t s   a re   i ndependen t l y   f as tened   to   t he   t op   p la te   t ha t   suppor t s  

t h e   e n t i r e  assembly  (see  Figure 41. 

A s e t   o f  IO c u r r e n t   l e a d s   c a r r i e s   e l e c t r i c   c u r r e n t   f r o m   t h e   o u t -  

s i d e  of t h e  dewar t o  t h e   n i n e   c o i l s   i n s i d e .  These leads   a re   spec ia l l y  

designed t o  use t h e   c o o l i n g  power o f   h e l i u m   v a p o r   t o  maximum advantage 

by s e r v i n g   a s   o u t l e t s   f o r   t h e   h e l i u m   b o i l - o f f .  One such  vapor-cooled 

lead i s  shown in   F igu re  4.  I n   p r i n c i p l e ,   f o r   e v e r y   c u r r e n t   d i s t r i b u t i o n  

i n   t h e   c o i l  sys tem  there   i s  an  optimum d i s t r i b u t i o n   o f   h e l i u m   v a p o r   f l o w  

ra te   t h rough   the   vapor -coo led   l eads   t ha t   m in im izes   t he   t o ta l   he l i um  bo i l -o f f  

i n   t h e  dewar. I n   p rac t i ce ,  i f  the  leads  are  adequately  s ized, it i s   n o t  

necessary t o   m o n i t o r   t h e   v a p o r   f l o w   d i s t r i b u t i o n ,   b u t  it i s   o n l y  

necessary t o   m o n i t o r   f h e   t e m p e r a t u r e   o f   t h e   o u t f l o w i n g   v a p o r   t o   d e t e c t  

gross  unbalances  ind icat ive of s e v e r e   m a l f u n c t i o n s .   I n   t h i s   f a c i l i t y  

a l l  vapor-cooled  leads  are  equipped  with  thermocouples a t  t h e  ends 

lead ing   ou t  o f  t h e  dewar; i n   a d d i t i o n ,  a l l  connecting  tubes  between  the 

leads and the   he l i um  recove ry   man i fo ld   a re   i nd i v idua l l y   va l ved   t o  

f a c i l i t a t e  any necessary  adjustments. The d e t a i l s   o f   t h e   d e s i g n   o f   t h e  

vapor-cooled  leads  can be found i n  a p u b l i c a t i o n  by Ef fe rson ( 5 )  from 

which a l l   t h e   i n f o r m a t i o n  needed t o   f a b r i c a t e   t h e  leads f o r   t h i s  

f a c i l i t y  was obtained. 

The instrumentat ion  requirements  for   the  cryogenic  subsystem  are 

bet ter   understood by cons ider ing  some o f   i t s  key operat ional   aspects.  

For   example,   s ince  l iqu id   he l ium  is   cons iderably  more expensive  than 

l i q u i d   n i t r o g e n ,  i t  i s  common p rac t i ce ,   spec ia l l y  when large  systems  are 

;involved, t o  pre-cool  the  system t o   l i q u i d   n i t r o g e n   t e m p e r a t u r e   b e f o r e  

s t a r t i n g   t h e   t r a n s f e r  of  l i q u i d   h e l i u m   i n t o   t h e  system. Th is   p re-coo l ing  

process  can be accelerated by b leed ing   d ry   n i t rogen   i n to   t he  vacuum j a c k e t  

between t h e   l i q u i d   h e l i u m  and l i q u i d   n i t r o g e n   c o n t a i n e r s   u n t i l   t h e  

I 
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pressure  reaches  several torr .  I t  i s  c l e a r   t h a t   p r e s s u r e  and temperature 

ins t rumenta t ion   requ i rements   resu l t   f rom  the  need t o  per fo rm  the   p re-coo l ing  

operat ion* .   Addi t ional   requi rements  resul t   f rom  the need t o  determine 

l i q u i d   l e v e l   d u r i n g   l i q u i d   h e l i u m   t r a n s f e r  and dur ing  the  performance 

o f  a t e s t .  

Conventional vacuum gauges a r e  adequate f o r  measuring a l l  working 

pressure  leve ls  between atmospheric  pressure and t h e   u l t i m a t e  vacuum 

(about I 0'4 t o r r )   a c h i e v e d   i n   t h e   j a c k e t s   s u r r o u n d i n g   t h e   n i t r o g e n  and 

the   he l ium dewars.  Temperature  information i s  needed a t   t h r e e   s p e c i f i c  

temperature  leve ls :  ( I 1 room temperature,  as a r e f e r e n c e   f o r   t h e  

measurement o f  c o i l  parameters (R,L,Q), ( 2 )  l i qu id   n i t rogen   tempera tu re ,  

as  an i nd i ca to r   o f   t he   s ta te   o f   read iness   o f   t he   p re -coo l i ng   p rocess ,  

(3) l i qu id   he l ium  tempera ture  as  an ind ica tor   o f   coverage by l i q u i d   h e l i u m  

d u r i n g   t r a n s f e r .   M i n i a t u r e   c a r b o n   r e s i s t o r s   a r e   i n s t a l l e d   a t   f i v e  

locat ions,  marked w i t h  an x i n  Figure 4, between the  lower   sur face of t h e  

b o t t o m   c o i l  and t h e   f i r s t   r a d i a t i o n   s h i e l d  above t h e   c o i l  assembly. 

These r e s i s t o r s   a r e  bonded t o  large masses ( f o r  example, t h e   f l a n g e   o f  

a DA c o i l )  so as t o   i n s u r e   t h a t   t h e i r   t e m p e r a t u r e   r e f l e c t s   t h a t   o f  a 

g i v e n   p a r t   o f   t h e   c o i l  assembly ra the r   t han   be ing   d i c ta ted  by loca l   heat  

t rans fe r   cond i t i ons .   Fu r the rmore ,   t he i r   ope ra t i ng   cu r ren t   i s   m in ima l .  

The o u t p u t   c i r c u i t  has  been arranged so as t o  produce c a l i b r a t e d  

read ings   o f   the   th ree   tempera tures  o f  i n t e r e s t  a t  conspicuous  po ints  

on the  readout   sca le.  No p r a c t i c a l  meaning i s   a t tached  t o  readings a t  

in te rmed ia te   po in ts .  

I n   a d d i t i o n  t o  the  temperature  sensors, a s e t  of  f i v e   I i q u i d - l e v e l  

sensors  are  located a t  nearby  locations. These a r e   p a r t i c u l a r l y   u s e f u l  

d u r i n g   t h e   b a l a n c e   t e s t s   a s   t h e   l e v e l   o f   l i q u i d   h e l i u m  descends, b u t  

uncovered   po r t i ons   o f   t he   co i l  assembly  remain a t   e s s e n t i a l l y   l i q u i d  

hel ium  temperature. The l iqu id - leve l   sensors   a re   carbon  res is to rs  

s i m i l a r   t o   t h e   t e m p e r a t u r e  sensors, b u t   t h e y   a r e   i n s t a l l e d  so as t o  be 

the rma l l y   i so la ted   f rom  l a rge  masses. Furthermore, a r e l a t i v e l y   l a r g e  

c u r r e n t   i s   c o n s t a n t l y   c i r c u l a t e d   t h r o u g h  them. As these  sensors become 

uncovered t h e i r   t e m p e r a t u r e   r i s e s   s u b s t a n t i a l l y  above t h a t   o f   l i q u i d  

h e l i u m .   T h e i r   o u t p u t   c i r c u i t  uses a v e r y   e f f e c t i v e  sound alarm  system 

as a readout. 
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The bas ic   ins t rumenta t ion   se t  of the  cryogenic  subsystem i s  completed 

w i t h  a gas  f lowmeter  connected  in  the  main  l ine of  t h e . m a n i f o l d   t h a t  

c o l l e c t s   t h e   o u t p u t  from a l l  vapor-cooled  leads i n   t h e  system. The bas ic  

f u n c t i o n   o f   t h i s   i n s t r u m e n t   i s   t o   p r o v i d e  a  good i n d i c a t i o n   o f   t h e  

to ta l   i ns tan taneous   he l i um  bo i l -o f f   r a te   i ns ide   t he   c ryos ta t ,   mos t l y   as  

a safety   warn ing of co i l  ma l func t ion  and t o  measure  a.c.  losses. 

2.3 Contro l  System 

The c o n t r o l  system for the  cryogenic  magnetic  suspension  underwent 

an evolut ionary  process  as 

c r e a s e d .   I n   t h e   i n i t i a l   s t  

n o n l i n e a r   c o n t r o l l e r  would 

b o i l - o f f   w i t h i n   a c c e p t a b l e  

the   energy   op t ima l   con t ro l l  

o p e r a t i o n a l   e x p e r i e n c e   w i t h   t h e   f a c i l i t y   i n -  

ages of  development it was b e l i e v e d   t h a t  a 

be necessary t o   m a i n t a i n   l i q u i d   h e l i u m  

l im i ts .   Th is   a rose   as  a r e s u l t   o f  a s t u d y   o f  

e r  ( 3 )  which had  an open- loop  cont ro l   resu l t  

and a compromise - t h e   t i m e   o p t i m a l   c o n t r o l l e r  - which  resu 

c losed- loop  cont ro l  and accep tab le   bo i l -o f f .  

The n o n l i n e a r   c o n t r o l l e r  had o p e r a t i o n a l   l i m i t a t i o n s   i n  

no t  easy t o  make minor  adjustments t o  compensate fo r   i nexac  

t e d   i n  a 

t h a t  it was 

system 

model l ing and f o r   d i f f e r e n t  aerodynamic  models.  Therefore t h i s  approach 

was abandoned as  exper ience showed t h a t   t h e   h e l i u m   b o i l - o f f   r a t e  was 

not  as  h igh  under dynamic c o n d i t i o n s  as  expected. 

The n o n l i n e a r   c o n t r o l l e r  was rep laced  w i th  a v e l o c i t y   p l u s   p o s i t i o n  

feedback c o n t r o l l e r .  However, t h i s  was n o t  a s t r a i g h t   f o r w a r d   r e a l i z a t i o n  

i n   t h a t  a Luenberger  observer was u t i l i z e d  t o  o b t a i n   t h e   v e l o c i t y  feedback. 

The a d d i t i o n a l   c o m p l i c a t i o n   o f   t h i s  a p p r o a c h   ( o v e r   d i r e c t   d i f f e r e n t i a t i o n  

o f   t h e   p o s i t i o n   s i g n a l )  was necess i ta ted by no ise   on   t he   pos i t i on   s igna l  

caused  by  power l i n e   r i p p l e  on the   laser   source   fo r   the   sensor  and  by 

mechanical  resonances i n   t h e   s t r u c t u r e .  The p r i m a r y   l i m i t a t i o n s   o f  

t h i s  approach  were  the number o f   o p e r a t i o n a l   a m p l i f i e r s   r e q u i r e d   t o  

cons t ruc t   t he   obse rve r  and, again,   the d i f f  i c u  I t y   o f   " f i n e   t u n i n g "   t h e  

contro l .   Therefore,  when f i l t e r i n g  and a be t te r   l ase r   sou rce  had reduced 

t h e   n o i s e   t o  an acceptable  leve l ,   the  observer  was abandoned i n   f a v o r   o f  

d i r e c t   d i f f e r e n t i a t i o n   o f   t h e   p o s i t i o n   s i g n a l .  Thus t h e   c o n t r o l l e r   i n  

use a t  t h i s   t i m e ,  and f o r  most of t h e   c l o s e d - l o o p   t e s t s   r u n   t o   d a t e ,   i s  
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a l i n e a r   v e l o c i t y   p l u s   p o s i t i o n  feedback c o n t r o l l e r  where t h e   v e l o c i t y  

i s   o b t a i n e d  by d i f f e r e n t i a t i o n  of t h e   p o s i t i o n   s i g n a l .  The pr imary 

advantages of t h i s   t y p e  of c o n t r o l   a r e   s i m p l i c i t y ,   r e l i a b i l i t y  due t o  

fewer   ac t i ve  components,  and  ease o f   a d j u s t m e n t   b y   c o n t r o l   o f   v e l o c i t y  

and p o s i t i o n   g a i n   c o n t r o l s .  A block  diagram of t h e   c o n t r o l   s y s t e m   i s  

shown in   F igu re  5. The components o f   t h e   c o n t r o l  system  are  discussed 

below. 

P o s i t i o n  Sensor:  There  are  three  requirements for model p o s i t i o n  

in fo rmat ion   dur ing  a s u c c e s s f u l   r u n   o f   t h i s   f a c i l i t y .  These are:  (a1 

t h e   o p e r a t o r   o f   t h e   f a c i l i t y  needs t o  see t h e  model f o r   p roper   coo rd i -  

na t i on   o f   t he   l aunch ing  and recaptur ing  maneuvers, ( b )  an e r r o r   s i g n a l  

i s  needed t o   c l o s e   t h e   a u t o m a t i c   c o n t r o l   l o o p   e f f e c t i n g   s t a b l e  model 

suppor t ,   ( c )   pos i t i on  and a t t i t ude   coo rd ina tes ,   as   f unc t i ons   o f   t ime ,  

c o n s t i t u t e   t h e  model " t r a j e c t o r y "   i n f o r m a t i o n  needed as d a t a  t o  compute 

the  desired  aerodynamics  parameters. 

The p r a c t i c a l   d i f f i c u l t i e s   o f   e s t a b l i s h i n g  a d i r e c t   o p t i c a l   p a t h  

between a suspended model  and an outside  observer  should be apparent 

upon re-examinat ionof   F igure 4 .  The many op t i ca l   e lemen ts   necessa ry   t o  

bend t h e  I ight   rays  around  the dewar become r e 1   a t i v e l  y i naccess.i b l e  

f o r   m o d i f i c a t i o n s  and for  f ine   ad jus tments .  Moreover, the   annu lar  

space  between t h e  dewar  and the  wind  tunnel ,  where  any type of model 

p o s i t i o n   d e t e c t o r  must be i ns ta l l ed ,   shou ld   no t  be made la rge r   t han  

s t r i c t l y  necessary  because  as  the  thickness  of  this  annulus  grows so does 

the   d is tance between t h e   c o i l s  and t h e  model ( c o n s t r a i n t  ( i i )  i n   t h e  

p rev ious   sec t i on ) .   I n   re t rospec t ,  it looks now t h a t   t h e  emphasis  on 

min imiz ing  model -co i l   d is tance need n o t  have  dominated the  des ign of 

t h i s   p a r t   o f   t h e   f a c i l i t y .  Much of t h e   e f f o r t   d e v o t e d   t o   g e t t i n g  a  model 

p o s i t i o n   s e n s o r   f i n a l l y  t o  work adequately  would  have been  unnecessary 

had we increased  the room temperature  tubular   space  ins ide  the dewar  by 

two to   t h ree   cen t ime te rs   i n   d iamete r .   Un fo r tuna te l y ,   t he   dec i s ion  

c o n c e r n i n g   t h i s   i n i t i a l   d i m e n s i o n  had t o  be made v e r y   e a r l y   i n   t h e  

process o f  d e s i g n i n g   t h e   f a c i l i t y  and cou ld   no t  be  changed l a t e r  for 

obvious  reasons. 
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Requirement  (a)  above, has been  met  rather marginally by two 
methods.  The  first  method  consists of direct  observation  of  the  test 
section  through a side  port in the  stagnation  chamber  of  the wind 
tunnel via a mirror  inserted  on  the air feed  pipe.  This  arrangement 
can  be  seen in Figure 6. It  provides a poor  quality  view  of  the  model 
because  the  optical  path  must  cross  three  antiturbulance  screens  down- 
stream of the mirror. The  second  method  consists  of a wide-angle lens 

optical  viewer  mounted on the  test  section wall which  utilizes  narrow 
lenses and mirrors  to  provide an optical  path  through  the annular space 
between  the wind tunnel and the  nitrogen  dewar  walls.  This  system 
suffers  from a rather narrow field  of  view. 

Requirements (b) and (c)  demand high resolutio'n  systems.  Traditionally 
error  signals  for  magnetic  balance  control  loops  have  been  obtained  from 
optical  detectors  employing  different,combinations o f  light  beams,  photo- 
cells, and other  components.  These  detectors  are  relatively  simple  to 
operate and have  built a good  record  of  reliability.  Their  one im- 
portant  disadvantage  is  that  they  must  be  tailored  to a given  model. 
This  inconvenience  made  us look with favor on  the  development  of an 
electromagnetic  position  sensor by the  MIT  magnetic  suspension  group. 
This  type  of  sensor  operates  on  the  principle  of  the  differential  trans- 
former;  its key advantages  from  our  point of view,  are: ( 1 )  one  sensor 
can  be  used  for  different  models  with  no  modifications  required, ( 2 )  the 
spacial  distribution  of  the  sensing  elements  lends  itself admirably to 
the  tight  space  available in our facility.  Details  about  this  potentially 
very  attra'ctive  detector may be found in reference ( 6 ) .  Suffice  it  to 
say  here  that  there  are  serious  difficulties  associated  with  effective 
utilization  of  this  approach,  mostly  because  of  the  extreme  sensitivity 
of  the  device  to high frequency  electromagnetic  signals  emitted by the 
gradient  coils  as a result  of  the  pulsating  nature  of  the  power 
amplifiers  used  (see  corresponding  section  below).  Hence,  it  was  not 
possible  to  adopt  the  electromagnetic  position  sensor  for  this  facility 
and a more or  less  conventional  optical  detector  was  used. 
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The o p t i c a l   d e t e c t o r   c o n s i s t s  of an op t i ca l   sou rce  and beamsp l i t t i ng  

and  beamsteer ing  opt ics,   pairs of photodiodes, and assoc ia ted   e lec t ron i cs .  

The beamsp l i t t i ng  and  beamsteer ing   op t ics   d iv ide . the   s ing le  beam from 

t h e   s o u r c e   i n t o   t h r e e   p a i r s  of beams which  are  then  d i rected up t h e  

annulus  between the   ou te r   t unne l   wa l l  and the   i nne r  dewar wa l l .  The 

beams a re   t hen   re f l ec ted   ac ross   t he   t unne l .  The beams a r e   p a r t i a l l y  

b locked by t h e  model a t   t h e  nominal  support  point; one p a i r   a t   t h e   t o p  

and  bottom,  one p a i r   a t  each  side and t h e   t h i r d   p a i r   a t  each  s ide 90' 

degrees  from  the  second. As t h e  model moves i n  one o f   t h e  axes, t h e  

mode I b I ocks more o f  one beam and I ess   o f   t he   o the r .  The beams a re   t hen  

r e f l e c t e d  down the  annulus and focused  onto  photodiodes mounted  below 

t h e   b o t t o m   o f   t h e  dewar. F igure  7 i s  a ske tch   o f  an op t i ca l   senso r  

channel where t h e  beam across  the  bottom of t h e  model has  been omi t ted  

f o r   c l a r i t y .  

The photodiodes  are  connected to   cu r ren t - to -vo l tage   conve r te rs ,  and 

t h e   s i g n a l   f o r  a channel i s   d e r i v e d  by s u b t r a c t i n g   t h e   t w o   s i g n a l s   o f  

t h e   p a i r .   T h i s   d i f f e r e n t i a l   c o n f i g u r a t i o n   o f   t h e   s e n s o r   e l i m i n a t e s  much 

of t h e  common  mode e r r o r  from source   i n tens i t y   va r ia t i ons  and  source  noise. 

The g a i n   o f  each  channel i s   a d j u s t e d   t o   p r o v i d e  5 v o l t s   p e r   m i l l i m e t e r  

of model mot ion .   In   add i t ion  an opera to r ' s   con t ro l   pane l   i s   p rov ided  

w i th   meters   fo r  each channel and manual pos i t i on   con t ro l s   wh ich   a l l ow  

t h e   o p e r a t o r   t o  move t h e  model small amounts about  the  nominal  support 

po in t .  A schematic  diagram o f  t h e   s e n s o r   e l e c t r o n i c s   i s   g i v e n   i n  

F igure  8. 

F i l t e r :  The f i l t e r   i s  a s tandard   un i t y -ga in   i nve r t i ng   ope ra t i ona l  

a m p l i f i e r  low pass f i l t e r   w i t h   s w i t c h   s e l e c t a b l e   b r e a k p o i n t s   o f  100,  60, 

and 30 Hz. The c o r r e c t   f i l t e r   f o r  a p a r t i c u l a r  model i s   u s u a l l y  chosen 

by  per turb ing  the model w i t h  a square wave and  observing  the  response. 

Coordinate  Transformat ion:  As s ta ted   e l sewhere   i n   t h i s   repo r t ,   t he  

c ryogen ic   suppor t   co i  I s  are  arranged t o   p r o v i d e  a tan-' J8 system. Thus 

the   fo rce   axes   a re   an   o r thogona l   se t   bu t  do no t   p rov ide  a convenient  

s e t   o f  axes for  model  measurements. The sensor   tha t  was p rev ious l y  
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described measures  model mot ion  a long  three  mutual ly   perpendicu lar   axes 

w i t h   t h e   x - a x i s   b e i n g   a l i g n e d   w i t h   t h e   t u n n e l   a x i s   ( v e r t i c a l ) .   T h e r e f o r e  

a t rans format ion  from the  tunnel   coordinate  system t o  the  tan-1 J8 system 

i s  needed. I f  the  tunnel   axes  are  designated  by x,y, and z and t h e  

tan-' 6 axes  are  designated  by  x '  , y'  , and z '  , then  the   t rans format ion  

i s   g i v e n  by 

- 47 47 47 - 
3 3 3 

- i 
X 

Y 

Z 

Thus the   t h ree   senso r   s igna ls   a re   t rans fo rmed   i n to   equ iva len t  

m o t i o n s   i n   t h e   c o i l   c o o r d i n a t e  system. Th is   t rans format  

as shown by the  schematic  d iagram  in  Figure 9. 

i o n   i s   r e a l i z e d  

T h i s   c i r c u i t  was dup l ica ted  as shown i n   t h e   b l o c k  d i  

F igure 5 t o   f a c i l i t a t e   t h e   i n p u t   o f  model p e r t u r b a t i o n s  i 

coordinate  system. The p e r t u r b a t i o n   s i g n a l s   a r e   a p p l i e d  

compensation to  avoid  the  f requency  response  shaping. 

agram o f  

n the   tunne l  

a f t e r   t h e  system 

Bias  Panel: The power a m p l i f i e r s   w h i c h   d r i v e   t h e   g r a d i e n t   c o i l s  

requi re   approx imate ly  -7 v o l t s   f o r  minimum c u r r e n t  and +7 v o l t s   f o r  

maximum current .   Therefore a b i a s   v o l t a g e   i s   i n s e r t e d   i n t o   t h e   c o n t r o l  

loop t o   s e t   t h e  nominal  support  current.  This i s  an opera t iona l  

a m p l i f i e r   c i r c u i t   i n   w h i c h   t h e   b i a s   i s   a l g e b r a i c a l l y  added t o  t h e   c o n t r o l  

s igna l .  

Power A m p l i f i e r s :  The  power a m p l i f i e r s   w h i c h   d r i v e   t h e   t h r e e   p a i r s  

o f   g r a d i e n t   c o i  Is were bu i l t   t o   spec i f i ca t ions  provided by the  University 

of Virginia. A summary of the  specifications i s  presented  in Table 2. 
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POWER  AMPL 

TABLE 2 

IFIER SPECIFICATIONS 

Supply  Voltage  (Complete  Plant) 

Value of   Regulated d.c. 

Input  Voltage  (Signa I 1 

Output  Current 

Time f o r   C u r r e n t   R i s e  IO-350A 

Cur ren t   R ipp le   a t   Constan t   Cur ren t  

Load Res i stance 

Load Inductance 

3 X 440 V 60 Hz 

210 v 
-7 t o  4-7 v 
10 t o  350 A 

I 6  MSEC. MAX. 

+ 9 A  

60 mohm MAX. 

8 mH 2 5% 

The power a m p l i f i e r s   a r e   s w i t c h i n g   t y p e   a m p l i f i e r s  wi th  force-  

commutated t h y r i s t o r s  as the  swi tch ing  e lements.  The power a m p l i f i e r s  

a re   usab le   t o   a lmos t  300 Hz. A f te r   a lmos t   f ou r   yea rs   o f  use  they  have 

' proven t o  be q u i t e   r e l i a b l e .   T h i s   i s   t o  a l a r g e   e x t c n t  due t o   t h e  many 

p r o t e c t i v e   f e a t u r e s   t h a t  were  provided. Thus, t h e  power a m p l i f i e r s  

i are  automat 

I )  Fa 

2 )  Fa 

3 )  Fa 

4 )  Fa 

c a l l y   s w i t c h e d   o f f   i n   t h e   e v e n t   o f  

l u r e   o f   i n p u t  power o r  any o f  t h e  phases 

l u re   o f   coo l i ng   wa te r   f l ow  

l u r e   o f  any o f   t he   seve ra l   coo l i ng   f ans  

lu re   o f   fuses   in   commuta t ion   o r   load   sec t ions  

5 )  Overload o f   t h e   i n p u t   r e c t i f i e r  

6 )  A p p l i c a t i o n   o f  +IO v o l t s   t o   t h e  emergency i n p u t  

7 )  Actuat ion  of door   in te r locks .  

The power a m p l i f i e r s  were  designed f o r  a r u n   t i m e   o f  IO m i n u t e s   a t  

h ighes t - f requency   h ighes t -cur ren t   cond i t ions   w i th  a 30 m inu te   res t  

between  runs. However, runs   under   s ign i f i can t l y   l ess   s t r i ngen t   cond i t i ons  

t y p i c a l l y   a r e  15 minutes  wi th  I O 4 5  minute  rests .  

C 

a t t e n t  

s ta ted  

- ompensa 

ion  dur  

i n   t h e  

t i o n :   T h i s   p a r t   o f   t h e   c o n t r o l   s y s t e m  has  received  the  most 

ing  the  development  of   the  cryogenic  support   system. As 

i n t roduc t i on   t he   f i na l   app roach  t o  compensation i s   l a r g e l y  
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the   resu l t   o f   opera t iona l   exper ience  ga ined  over   severa l   years .   In  

o rder  t o  exp la in  some o f   t h e   d i f f i c u l t i e s   e n c o u n t e r e d  and, hopefu l l y ,  t o  

a i d   o t h e r s   i n   s i m i l a r  endeavors, a b r i e f   d i s c u s s i o n   o f   t h e   a p p r o a c h   i s  

i n   o r d e r .  

Because of t h e   f a c t   t h a t  a support  system of t h i s   t y p e   i s   i n h e r e n t l y  

open-loop  unstable, it i s   p r a c t i c a l l y   i m p o s s i b l e  t o  compensate t h e  

system  by  purely  "cut and t r y "  methods.  Thus i n   o r d e r   t o  even  take 

rea l is t ic   exper imenta l   data,   the  system  must   be made closed- loop  stable 

by some means. To fu r the r   comp l i ca te   t he   p rocess ,  it costs   approx imate ly  

1,000 d o l l a r s   i n   l i q u i d   h e l i u m   a l o n e   f o r   t w o  days  operation. Thus t h e  

amount o f   t ime  avai lab le  to   exper iment   wi th   the  system  dynamics was 

seve re l y   l im i ted .  To a l l e v i a t e   t h i s   l a t t e r  problem, a scaled down 

water-cooled c o i l  system was constructed  which  would accommodate t h e  

actual  posit ion  sensor.  This  water-cooled  system  would  not  support  the 

model v e r t i c a l l y ,   b u t   h o r i z o n t a l   s u p p o r t   c o u l d  be achieved by suspending 

t h e  model from a s t r i n g .  By tak ing   i n to   accoun t   t he   d i f f e rence   i n  

fo rce   cons tan ts  between the  cryogenic  and water -coo led   co i l  systems, 

exper imenta l   data  for   the  cryogenic   ba lance  could be ext rapolated.  

This  technique  saved a considerable amount o f   t i m e  and money. 

A compensation  network  for  each  channel was designed  using  the 

theore t ica l   va lues   o f   the   sys tem  cons tan ts  and a t h e o r e t i c a l  model f o r  

the  system  dynamics.  This  network was a v e l o c i t y   ( o r   r a t e )   p l u s  

pos i t ion   ne twork  where t h e   v e l o c i t y  was obta ined by d i f f e r e n t i a t i o n   o f  

the  pos i t ion  sensor   s ignal   as shown i n   F i g u r e  I O .  This  network was 

i n s e r t e d   i n t o   t h e  loop as shown i n   F i g u r e  5, and the  cont ro l   system was 

connected t o   t h e   w a t e r - c o o l e d   c o i  I s .  The opera t i on  was s a t i s f a c t o r y  

w i th   on ly   m inor   ad jus tment   o f   the   ga in   con t ro ls .  

The system was checked  by i n j e c t i n g  an adjustable  f requency 

s ine  wave i n t o   t h e   p e r t u r b a t i o n   i n p u t  and measuring  the  response a t   t h e  

sensor  output. The r e s u l t s   a g r e e d   c l o s e l y   w i t h   t h e   t h e o r e t i c a l  model. 

Th is  same compensa t ion   (w i th   d i f f e ren t   ga in   se t t i ngs   t o   accoun t  

f o r   d i f f e r e n t   f o r c e   c o n s t a n t s )  was then  t r ied   on   the   c ryogen ic   sys tem 

w i t h  somewhat less   sa t is fac to ry   resu l ts .   S tab le   th ree-d imens iona l   suppor t  
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Figure 10 . Schematic of  Compensation Ci rcu i t .  
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could be achieved a t  low values of main f ie ld   magnet iza t ion ,   bu t   as   the  

magnet izat ion was increased,  the model would d r i f t  toward  the  tunnel  

w a l l   u n t i l   s u p p o r t  was lost .   Furthermore dynamic t e s t i n g  as  explained 

above showed unaccountable  low-frequency  (less  than IO Hz)  resonances. 

The former  problem was cor rec ted  by  more prec ise  a l ignment  o f  t h e  

sensor   nominal   suppor t   po int   w i th   That  of t h e  co i l  system.  The l a t t e r  

problem was cor rec ted  by s t i f f e n i n g   t h e  dewar mount ing  and  e l iminat ing 

t h e  pendulum  mounting o f   t h e   c o i l   s t r u c t u r e .   A f t e r   t h e s e  changes  were 

made the   suppor t  was operated t o  design  values of main f i e l d   c u r r e n t .  

2.4 D.C. Power Supplies: The magnetizing or Main F i e l d   c o i l  and t h e  

p a i r  o f   d rag   augmenta t ion   co i l s  have s u b s t a n t i a l l y   d i f f e r e n t   o p e r a t i n g  

requ i remen ts   f rom  the   g rad ien t   co i l s .   Bo th   t ypes   o f   co i l s   a re  

designed  for   open- loop  current  adjustment and r e q u i r e  much smal ler  and 

s impler  power suppl ies  than  those  requi red by t h e   g r a d i e n t   c o i l s .  The 

Main F i e l d   c o i l  must be energ ized  wi th  a constant -current  power supply 

t o   m a i n t a i n  a s teady   magnet iz ing   f ie ld .  Modest v o l t a g e   c a p a b i l i t y   i s  

requ i red  t o  overcome  lead  and  connection  voltage  drops  and t o  charge 

t h e   c o i l   t o   r a t e d   c u r r e n t   ( n o m i n a l l y ,  100 A )  i n  a reasonable  length  of  

t i m e   ( t y p i c a l l y ,   o f   t h e   o r d e r   o f  one minute), by  manual operat ion.  

These requ i rements ,   p lus   normal   re l iab i l i t y  and economy c r i t e r i a ,   a r e  

sa t i s f i ed  by a constant-current  saturable  reactor  type power supply, 

which employs no act ive  devices   other   than  sol id   s ta te   rect i f iers .  

Current  control i s  effected by an adjustable  autotransformer making 

the power supply re l iab le  and rugged. 

A ve ry   impor tan t   cons ide ra t i on   i n   t he   des ign   o f   t he   ma in   f i e ld  

c i r c u i t   i s   t h e  amount of e n e r g y   s t o r e d   i n   t h e   c o i l   a t   r a t e d   c u r r e n t :  

W = 1/2 L I 2  = 2.55 x IO4 Joules 

In   the   event  of  a f a i l u r e   i n  some p a r t   o f   t h e   c i r c u i t   t e n d i n g   t o   s t o p  j 

or  d ras t i ca l l y   dec rease   t he   cu r ren t ,   t he   reve rse   vo l tage   app l i ed  by t h e  

c o i l ,  i f  no t   con t ro l l ed ,   cou ld  damage t h e   c o i l  and t h e  power supply. , i  
The r e s u l t i n g   h e l i u m   b o i l - o f f   i s  a p o t e n t i a l   s a f e t y   h a z a r d   n o t   t o  be 

t a k e n   l i g h t l y .  To prevent   the  sudden re lease  o f   energy a h igh-current  
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s i l i c o n   r e c t i f i e r  has  been  connected  (reverse  biased  normally)  across 

t h e  c o i l  t e r m i n a l s   o u t s i d e   t h e  dewar. This   prevents   the  reverse 

vo l tage  f rom  exceeding  the  d iode  drop  (about  I Volt).   Furthermore, 

t h i s   d i o d e  and i t s  lead  res is tance  permi t  a f a s t e r  shutdown of  the   Ma in  

F i e l d   c o i l   u n d e r  normal   operat ing  condi t ions.  

I n   as  much as   t he   f unc t i on  of  t h e  Drag  Augmentation c o i l   i s  t o  

balance  the  steady-state component of  t h e  aerodynamic  drag  minus  the 

model we igh t ,   the   opera t iona l  mode fo r  t h e s e   c o i l s  must  be  described  as 

s low ly   ad jus tab le  d.c., w i th   an  ant ic ipated  response- t ime  requi rement  

on t h e   o r d e r  of  a few  seconds. T h i s   o p e r a t i o n a l   c a p a b i l i t y ,  

permi t t ing  the  average  Gradient  c o i l  c u r r e n t   t o   r e m a i n   a t  a steady 

leve l  fo r  maximum range,  can  be  achieved  with a v o l t a g e - c o n t r o l l e d   c u r r e n t  

source. The model v e r t i c a l   p o s i t i o n   s e n s o r  and proper  compensation 

comprise  the  remainder o f  the  drag-augmentation  control  loop. 

A voltage-controlled  current  source (0-64 VDC, O-l=jOA), with provi- 

sion for manual or remote programming was chosen. The upper  voltage limit 

of 64 vol t s  is capable of producing a response on the  order of: 

A t  = LAi/Emax = 20  seconds 

f o r  a c u r r e n t  change of  0 t o  100 A th rough  the  combined  inductance o f  

12.4 hen r ies  of  t h e  DA c o i l   p a i r .  A reve rse   s i l i con   d iode   ac ross   t he  

te rm ina ls  was i n s t a l l e d   a s  a s a f e t y   p r o t e c t i o n   a g a i n s t  sudden 

decreases  in c o i l  cu r ren t ,  f o r  reasons   s im i la r   t o   t hose   d i scussed   i n   t he  

previous  sub-sect ion.  

2.5 Supersonic  Tunnel: The wind  tunnel i s  a  Mach 3 blow down f a c i l i t y  

with  atmospheric  exhaust. The c i r c u l a r   t e s t   s e c t i o n  is. -14,6..cm i n  

diameter. Air i s   s t o r e d   a t  18 atmospheres i n  two 28 m3 tanks  enabl ing 

t h e   f a c i l i t y   t o   r u n  fo r  about 4 minutes a t  3.25 atmospheres  stagnation 

pressure  w.i th a r u n   c y c l e   o f  90 minutes.   To  increase  run  t ime and 

decrease  aerodynamic  loads  on  the  suspended  models an opt imized 

v a r i a b l e  second th roa t   a r rangement   i s  employed,  which  permits  tunnel 

o p e r a t i o n   a t  3 a tm  s tagnat ion   p ressure   w i th  a I in .   spher ica l  model. 
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Figure 6 i s  a sketch of t h e   f a c i l i t y   w h i c h   i l l u s t r a t e s   t h e   r e l a t i v e  

s i z e  and loca t ion   o f   w ind   tunne l  components vis-a-vis  magneti  

components. 

Axisymmetric  tunnels  have  well  known problems  wi th   f low 

non-uni formi t ies  which  tend t o  " f o c u s "   i n   s p e c i f i c   t e s t   s e c t  

c suspension 

i on 

loca t ions .  Our t u n n e l   i s  no  except ion and f l ow   qua l ' i t y  improvement 

been  a slow and d i f f i c u l t  process  which i s   s t i l l   i n  progress.   Th is  

d i f f i c u l t y   i s   p a r t i c u l a r l y   t r o u b l e s o m e   i n   c o n n e c t i o n   w i t h  aerodynam 

t e s t i n g  of s lender  bodies  (e.g.   conical  or  power  law shapes). Work 

on t h i s  problem is   con t inu ing   under   separa te   sponsorsh ip  and w i  I I b 

r e p o r t e d   i n   d e t a i l   i n   t h e  open l i t e r a t u r e  when completed.' 

3 .  OPERAT I ONAL  CHARACTER I ST I CS 

has 

i c  

e 

The superconductor  magnetic  suspension and balance  prototype 

f a c i l i t y  has   un ique  opera t iona l   charac ter is t i cs  stemming from t h e  

p a r t i c u l a r   c o i  I c o n f i g u r a t i o n  used, f rom  the  superconductor   nature  o f  

the   magnet ic   co i l s ,  and f rom  the   type   o f   w ind   tunne l  used. D i f f e r e n t  

r e l e v a n t   a s p e c t s   o f   t h e   o p e r a t i o n   o f   t h i s   f a c i l i t y   a r e   d i s c u s s e d   i n  

separate  sect  ions  be I ow. 

3.1 S ta t i c   Fo rce   Ca l i b ra t i on :  One o f   the   p r inc ipa l   advantages   c la imed 

f o r   t h e   c o i l   c o n f i g u r a t i o n   a d o p t e d   f o r   t h i s   f a c i l i t y   i s   t h e   l i n e a r i t y   o f  

t h e   r e l a t i o n s h i p s  between the  magnitudes of s u p p o r t   c o i l   c u r r e n t s  and 

magnet ic  forces  exerted on  supported  models.   This  character ist ic makes 

the  magnet ic   suspension  an  a t t ract ive  wind  tunnel   ba lance  (a  3-component 

b a l a n c e   i n   t h i s   p a r t i c u l a r   c a s e ) .   I n   t h e  most  general  case, a l l  t h r e e  

types of c o i l s   i n   t h e   p r o t o t y p e   c o n f i g u r a t i o n  can exer t   fo rces   on  a 

magnetized  model.  In  the  sketch  of  Figure I I ,  the  ferromagnet ic  sphere 

i s  shown suspended a d is tance +Ax above t h e  nominal  suspension  point. 

Hence, f o r  smal I Ax ( 6 ) :  

F ~ ~ ~ , x  - F~~ + F~~ + F~~~~ 
- 
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= poMV + AX ( A 2 B ~ )  - + k(as5) 
ax2 NSP,MF NSP,GRAD 

where F represents  force,  M i s   t h e  i n t r i   n s i c   m a g n e t i c  moment p e r   u n i t  

volume  induced in   t he   sphere  by t h e  main f i e l d ,  V i s   t h e   s p h e r e  volume, 

B represents  magnetic  induction, x  and 5 are   ax ia l   coo rd ina tes  

(see  Figure I l l ,  W i s   the  sphere  weight ,  I r e p r e s e n t s   e l e c t r i c   c u r r e n t  

and a, 8,  and y a re   cons tan ts   f o r  a f i xed   geomet r i c   co i l   con f i gu ra t i on ,  

and  where it has been  assumed t h a t   t h e  model magnet izat ion  increases 

l i n e a r l y   w i t h  main f i e l d   c u r r e n t  I M F .  N o t e   t h a t ,   t o  a f i r s t   o r d e r  

app rox ima t ion ,   t he re   i s  a ve r t i ca l   f o rce   exe r ted   on   t he  model by t h e  

m a g n e t i z a t i o n   c o i l   w h i c h   i s   p r o p o r t i o n a l  t o  the   magn i tude  o f   the  

ve r t i ca l   m isa l i gnmen t   o f   t he  model w i th   respec t  t o  t h e  nominal  suspension 

po in t .   No te   a l so   t ha t ,   i n   genera l ,  a l l  t h r e e   g r a d i e n t   c o i l   p a i r s  

c o n t r i b u t e   t o   t h e   v e r t i c a l   f o r c e   l i n e a r l y .   F i n a l l y ,  it i s   w o r t h  

n o t i n g   t h a t   t h e  above f o r c e   e q u a t i o n   i s   b a s i c a l l y  a vector  equation,  i .e.,  

t h e   d i r e c t i o n s   o f   t h e   c o n t r i b u t i o n s   o f   t h e   d r a g   a u g m e n t a t i o n   c o i l s  and 

t h e   g r a d i e n t   c o i l s  depend on t h e   d i r e c t i o n s   o f   c u r r e n t   f l o w   t h r o u g h  

such c o i l s   ( o r   c o i l   m a g n e t i c   p o l a r i t i e s ) . w i t h   r e s p e c t   t o   t h e   c u r r e n t  

f l o w   ( o r   p o l a r i t y )   o f   t h e  main f i e l d   c o i l .   V e r t i c a l   d i s p l a c e m e n t   o f   t h e  

model always  produces a f o r c e   i n  a d i rec t i on   oppos i te   t o   t he   d i sp lacemen t .  

The magnitudes  of   the  constants a, BAx, and y were  determined by  a 

d e t a i l e d   c a l i b r a t i o n  o f  the  magnet ic  balance  in  which a  3.17 cm model 

was suspended  by a s t r i n g   f r o m  a l oad   ce l l   ( s imu la t i ng   t he   d rag   f o rce  

on the  model)  and s t a b i l i z e d   l a t e r a l l y   n e a r   t h e  nominal  suspension  point 

by the  magnet ic  suspension.  Main  Field  current was used  as a parameter 

whi le   drag  augmentat ion  current  was va r ied   ove r  a wide  range o f   va lues  

f o r   t h e   t w o   p o l a r i t i e s   o f   t h e   g r a d i e n t   c o i l s   r e l a t i v e   t o   t h a t  of t h e  

main f i e l d   c o i l .   R e s u l t s   a r e  summarized g r a p h i c a l l y   i n   F i g u r e  12. 

L i n e a r i t y   i s   e x c e l l e n t   t h r o u g h o u t .   C o n s t a n t s  a and y have  experimental 

u n c e r t a i n t i e s  of less  than I and 5% r e s p e c t i v e l y .  The much l a r g e r  

unce r ta in t y   assoc ia ted   w i th   t he   de te rm ina t ion  of BAx i s   u n d o u b t l y  due t o  

i n s u f f i c i e n t   c a r e   i n   h o l d i n g  Ax constant  f rom one experiment t o   t h e   n e x t .  
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Figure 12 Drag Force C a l i b r a t i o n  Resul ts  
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However, t h i s   shou ld   p resen t   no   se r ious   p rac t i ca l   p rob lems   i n   ac tua l  

o p e r a t i o n   f o r  two reasons:  First ,   the  magnltude of t h e   c o n t r i b u t i o n  

o f   t h e   m a i n   f i e l d   c o i l  t o  t h e   o v e r a l l   v e r t i c a l   f o r c e   i s   s m a l l  compared 

t o  t h e   c o n t r i b u t i o n s  by  drag  augmentat ion  and  gradient   co i ls  for  values 

of D/W i n   t he   range  of  ope ra t i ng   cond i t i ons  for supersonic  f low. Second, 

by  carefu l   ad justment  of op t ica l   sensor  components, Ax can  be made 

a r b i t r a r i l y   s m a l l  and  thus, FMF can be made vanish ing ly   smal l   even for  

moderate and low D/W s i t u a t i o n s .  

Based on t h e  above c a l i b r a t i o n   r e s u l t s ,   t h e   r a n g e  of drag  augmentation 

and  main f i e l d   c u r r e n t   s e t t i n g s   n e c e s s a r y  for  suppor t ing a 3.17 cm sphere 

i n  Mach 3, 3.25 atm  stagnation  pressure a i r  f low have  been  computed  and 

a r e   l i s t e d   i n   T a b l e  3. Note  that   the  average  magni tude of t h e   c u r r e n t  

i n  each g r a d i e n t   c o i l   p a i r  has  been assumed a t  midrange,  i.e., 175 A 

f o r  a t o t a l  of 525 A f o r   a l l   t h r e e   p a i r s .  

TABLE 3 

Cur ren t   Se t t ings  for  Mach 3, 3.25 atrn  Flow 
(D-W)/W = 33.86, Assuming CD = I, dSpHERE = 3.17 cm 

needed a lMFIDA needed I DA ( A  1 

60 

56.6 29.59 4.28  80 

60.9 29.85 4.02 75 

65.9  30.12  3.75  70 

71.6 30.39 3.48 65 

78.2 30.66 3.21 
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3.2 Dvnam i c ResDonse 

As s t a t e d   i n   s e c t i o n  2.3, the  des ign of t h e   c o n t r o l  system for 

this  magnet ic  suspension  underwent  an  evolut ionary  process  as  operat ional  

e x p e r i e n c e   w i t h   t h e   f a c i l i t y   i n c r e a s e d .  Thus it i s  somewhat a r t i f i c i a l  

t o  separa te   t he   desc r ip t i on  of t h i s   c o n t r o l   s y s t e m   i n t o   d e s i g n  and 

operat ional   aspects.   Nevertheless,  t o  follow the   o rde r  of  p resenta t ion  

adopted f o r   t h i s   r e p o r t ,  dynarni,c response  measurements are  mentioned 

here. These  measurements  were  performed f o r   a l l   t h r e e   t u n n e l  axes  using 

s i n e  wave p e r t u r b a t i o n   i n   c l o s e d   l o o p  mode. Resu l ts  for one o f   t h e  

hor izon ta l   axes   a re  shown i n   F i g u r e  13. F igure  14 shows r e s u l t s  for  

t h e   v e r t i c a l   a x i s .  

3.3 Crvoaen i c Performance 

Time, cos t ,   and  sa fe ty   a re   the   p r inc ipa l   aspec ts   o f   the   opera t ion  

o f   t h i s   p r o t o t y p e   f a c i l i t y   w h i c h   a r e   d i r e c t l y   r e l a t e d   t o   t h e  use of  

superconductor  technology t o  implement t h e   c o i l  system. 

Time i s  a s ign i f i can t   parameter   bo th   be fore  and during  aerodynamic 

t e s t i n g .  A p recoo l i ng   pe r iod  of about 36 hours i s  necessary t o  prepare 

t h e   f a c i l i t y   f o r  economic l i q u i d   h e l i u m   t r a n s f e r   ( a b o u t  800-1000 l i t e r s  

o f   l i q u i d   n i t r o g e n   a r e  used for  precool ing) .   Normal ly  it takes  about 

4 hours  between l i q u i d   h e l i u m   t r a n s f e r   s t a r t s  and t h e   f i r s t   e x p e r i m e n t  

can  be  run. From t h i s   p o i n t ,   a b o u t  8 hou rs   o f   run   t ime   a re   ava i l ab le  

be fore   add i t iona l   he l ium has t o  be t r a n s f e r r e d .  A two-day  experiment 

w i l l  consume between 400 and 500 l i t e r s   o f   l i q u i d   h e l i u m  and y i e l d  

between 12 and 16 h o u r s   o f   u s e f u l   r u n   t i m e .   W i t h   t h e   a v a i l a b l e   a i r  

storage-wind  tunnel  combination a maximum o f  IO 4-minute  runs a t  Mach 3 

can  be  accomodated i n   t h i s   p e r i o d .  I t  should be apparent   tha t  

be t te r - than-usua l   exper iment   p lann ing   i s   requ i red   fo r  economic u t i l i z a -  

t i o n  of t h e   f a c i l i t y .  

The p r i n c i p a l   o p e r a t i o n a l   c o s t   i s  due t o  the  consumption  of   cryogenic 

f l u ids .   Us ing   t he   f i gu res   g i ven   i n   t he   p receed ing   pa rag raph  and 

assuming u n i t   c o s t s  of $0.23/R for  I i q u   i d   n i t r o g e n  and $2.05/R for  

f o r   l i q u i d   h e l i u m   p l u s  $100 for  t r a n s p o r t a t i o n  expenses f o r   l i q u i d  
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helium,  'a  two-day  experiment  costs  between $1,100 and $1,300, o r  an 

average  of  $120 per  4-minute  run. 

To p u t   t h e  above cos t   es t ima tes   i n to   p roper   pe rspec t i ve  it should 

be k e p t   i n  mind t h a t   t h i s   p r o t o t y p e   f a c i l i t y   i s  by  no means optimum from 

the   v iewpo in t   o f   c ryogen ic   f lu id   consumpt ion .  I t  must  be remembered 

t h a t   a t   t h e   s t a r t  of t h i s   p r o j e c t   t h e r e  were strong  doubts among 

a p p l i e d   s u p e r c o n d u c t i v i t y   e x p e r t s   c o n c e r n i n g   t h e   f e a s i b i l i t y  of opera t ing  

s u p e r c o n d u c t o r   c o i l s   i n   t h e   t i g h t l y   c o u p l e d  dynamic  environment  typical 

of  magnetic  suspension  systems. The  key quest ion  concerned  the  level  

o f   ene rgy   d i ss ipa t i on  by t h e   c o i l s   r e s u l t i n g   p e r h a p s   i n   u n a c c e p t a b l e  

h e l i u m   b o i l - o f f   r a t e s   o r  even loss o f   s u p e r c o n d u c t i v i t y   p r o p e r t i e s   i n  

extreme  cases. Now t h a t   t h i s  key  question has  been resolved  probably a 

l o g i c a l   n e x t   s t e p   i s   t o   l o o k   i n t o   p o s s i b l e  ways o f   m in imiz ing   c ryogen ic  

f l u i d  consumption. 

Several  examples o f   l i q u i d   h e l i u m  diss ipa t ion   ra tes   for   d i f fe ren t  

exper imenta l   s i tua t ions   a re  shown in   F igu re  15. Pu rsu ing   t he   po in t  made 

in  the  preceeding  paragraph, it should be n o t e d   t h a t   t h e   n a t u r e   o f   t h e  

g r a d i e n t   c o i l  power amp l i f i e rs   coup led   w i th   t he   ove ra l l   comp lex i t y  of t h e  

c o n t r o l   c i r c u i t   i n   t h e   p r o t o t y p e   f a c i l i t y   r e s u l t s   i n  a r e l a t i v e l y   l a r g e  

h igh   f requency   con ten t   i n   t he   g rad ien t   co i l   cu r ren ts .  Thus r e s u l t s  

shown in   F igu re  15 represent  a worse  case  which  can  be  improved  by 

a p p r o p r i a t e   f i l t e r i n g  and o t h e r   c o n t r o l   c i r c u i t   r e f i n e m e n t s .  

F i n a l l y ,   s a f e t y  has  been g iven  cons iderab le   a t ten t ion   th roughout  

t h e  development of t h i s   f a c i l i t y  which,  because o f   i t s   u n i q u e   c h a r a c t e r  

involves  h igher- than-ordinary  potent ia l   safety  hazards.  The combination 

o f   l a r g e   q u a n t i t i e s  of l i q u i d   h e l i u m  and h igh   energ ies   s to red   in   the  

m a g n e t i c   f i e l d   i s  awesome. In  response t o  t h i s   i n h e r e n t   r i s k ,   a l l  

energy  sources  have been pro tec ted   aga ins t  sudden re lease of t h i s  

magnetic f i e l d  ene rgy   i n to   t he   c ryos ta t .   Th i s  was discussed i n  some 

d e t a i l   i n   t h e   s e c t i o n  on Power Suppl ies.   Dur ing  runs,  l iquid  hel ium 

e v a p o r a t i o n   r a t e   i s   m o n i t o r e d   a t   a l l   t i m e s  and l i q u i d   l e v e l   i s  checked 

d i rec t l y   be fo re   eve ry   se r ies   o f   expe r imen ts .  
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3.4 Overa I I Enerav  ConsumDtion 

A l t h o u g h   e n e r g y d i s s i p a t i o n   r e s u l t i n g   i n   h e l i u m   b o i l - o f f   i s   u n d o u b t l y  

t h e   p r i n c i p a l   i t e m  of  energy  consumption i n  a f a c i l i t y  such  as  the one 

descr ibed.here in,  it i s   o f  i n t e r e s t   t o   e s t a b l i s h   t h e   m a g n i t u d e   o f   t h e  

to ta l   ene rgy  consumed by t h e   f a c i l i t y  for economic  and conservat ion 

reasons .   I n   t h i s   case   t he   on l y   o the r   i t em  o f   s ign i f i cance   i s   t he   ene rgy  

consumed by t h e  power supp ly   feed ing   the   g rad ien t   co i l  power a m p l i f i e r s  

(power  suppl ies  feeding  d.c.-operated  coi  Is consume n e g l   i g i b l e  amounts 

of energy,  corresponding t o   p o w e r d i s s i p a t i o n   i n   t h e   l e a d s ) .   D i r e c t  

measurements of p o w e r d i s s i p a t i o n   i n   t h e   g r a d i e n t   c o i l  power supply have 

n o t  been made. However,  a reasonable  estimate  can be made based  on 

upper l im i ts   de termined by t h e  main  fuses  o f   the power a m p l i f i e r s .   T h i s  

y i e l d s  an upper l i m i t   o f  18 kwat t   per  power a m p l i f i e r .   T h i s   r a t e   o f  

d i ss ipa t i oncou ld   conce ivab ly  be achieved by o p e r a t i o n   a t  maximum c u r r e n t  

(0-350 A )  and maximum frequency (may be 100 Hz)  over   the   en t i re   exper iment .  

I t  i s   e s t i m a t e d   t h a t ,  on t h e  average, on ly   about  20 t o  30 percent of t h i s  

maximum power i s  used. Hence, t h e   t o t a l   p o w e r d i s s i p a t i o n   f r o m   t h i s  

source   i s   about  10 kwatt .  Assuming IO runs   o f  4 minutes each, we g e t  

13.5 k w a t t - h o u r d i s s i p a t i o n   i n  a two-day  experiment. 

Cryogenic  f lu id  consumption  can be conver ted   to   equ iva len t   kwat t -hours  

by es t ima t ing   t he  power  needed t o  produce  l iqu id   he l ium and l i q u i d   n i t r o g e n .  

The fo l l ow ing   conve rs ion   f ac to rs   a re  used: 

6.2 kwatt-hour/R L He 

0.8 kwatt-hour/R L N2 

Since we estimated  consumption a t  500 l i t e r s   o f   h e l i u m  and 1000 

l i t e r s   o f   n i t r o g e n ,   t h e   g r a n d   t o t a l  i s  as fo l lows:  

He1 i urn 6.2 x 500 f 3,100  kw-h 

N i t rogen 0.8 x 1000 = 800 kw-h 

Power amp I i f i e r s  , I 4  kw-h 

Tota I energy  per  experiment 3,914  kw-h 
-. . . - . . - . 
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3.5 Aerodynamic Testing  Performance 

Two types of aerodynamic  models,  spheres and cones,have  been 

success fu l l y  suspended i n   t h e   p r o t o t y p e   f a c i l i t y .  Most of  t h e   t e s t s  have 

been wind-of f  f.0 determine  th ,e  operat ing  character is t ics   o f   the  suspension 

system. I t  was e x p l a i n e d   i n   s e c t i o n  2.5 that   the  ax isymmetr ic   supersonic  

wind  tunnel has  been p lagued  by   f low  i r regu la r i t ies   wh ich  have  proven 

d i f f i c u l t   t o   e l i m i n a t e .  As a consequence,  no re l i ab le   superson ic  

aerodynamic  data  are  avai lable t o  date. The development o f   t h i s   p r o t o t y p e  

f a c i l i t y   f o l l o w e d  a course  such t h a t   t h e  emphasis was s h i f t e d   h e a v i l y  

towards   the   p roo f   o f   the   concept   o f  a superconductor  magnetic  suspension 

a t   t h e  expense o f  emphasis  on  aerodynamic  research c a p a b i l i t y .  Hence, 

an  ext remely  modest   o f fer ing  is   presented by way o f   c u r r e n t   r e p r e s e n t a t i v e  

aerodynamic  data,  namely, a measurement of   sphere  drag a t  very low 

f low speed.  Measurements  such  as t h i s  were made by  using  the  wind  tunnel  

i n  a subsonic mode u t i l i z i n g  a s i m p l e   t u r b i n e   b l o w e r   t o  move t h e   a i r   f l o w .  

Resul ts   are summarized i n   T a b l e  4 below. The only  purpose  in  showing 

t h i s   r e s u l t   i s   t h a t   o f   c o n f i r m i n g   t h e   p o t e n t i a l   e f f e c t i v e n e s s   o f   t h i s  

experimental  approach t o  aerodynamic t e s t i n g .  

TABLE 4 

Summary o f  Subsonic  Sphere  Drag  Measurement 

Stagnat ion  pressure 

Dynamic pressure 

Sphere d iamenter, d 

Reynolds number based  on d 

Mach number 

Measured D/W 

Computed v a l u e   o f  CD 

Commonly accepted  value ( 7 )  

I a t m  

0.00145 atm ( I  .5 cm H20)  

3.17 cm 

3.3 X 104 

0.045 

0.045 

0.48 

0.47 
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4. SCALING TO  LARGER FACILITIES 

By  way of i n t r o d u c t i o n  t o  t h e  top ic  of scal ing  magnetic  suspension 

d e v i c e s   f o r   l a r g e r   a e r o d y n a m i c   t e s t i n g   f a c i l i t i e s ,  it should  be remem- 

bered  that   e lect romagnet ic   suspension  techniques have  been a p p l i e d   t o  

support  models i n   w i n d . t u n n e l s  for  near l y   twen ty   yea rs .   Seve ra l   f ac i l i t i es  

us ing a v a r i e t y  of magnet c o n f i g u r a t i o n s  have  been developed i n   t h i s  

country  and i n  Europe  and they have made p o s s i b l e   s i g n i f i c a n t   c o n t r i b u -  

t i o n s  t o  s t u d i e s   o f  a broad  spectrum  of-aerodynamic phenomena (8). 
However, for  a l l   i t s  apparent   po ten t ia l ,   the  use o f   t h i s   v a l u a b l e  

exper imenta l   too l   has   no t   spread  as   w ide ly   as   o r ig ina l l y   an t ic ipa ted  and 

we a re   conv inced   t ha t   t he   ma in   reason   i s   t he   d i f f i cu l t y  of b u i l d i n g   l a r g e  

magnetic  suspension f a c i l i t i e s .  Not  one o f   t h e   e x i s t i n g   f a c i l i t i e s  can 

accommodate  a t u n n e l   t e s t   s e c t i o n   w i t h  a cha rac te r i s t i c   d imens ion   l a rge r  

than  about 30 cm. The e x p l a n a t i o n   f o r   t h i s   l i m i t a t i o n   i s   s i m p l e  once  one 

cons iders   the  laws gove rn ing   t he   sca l i ng   o f  magnets.  These  laws are  

discussed in   t he   f o l l ow ing   sec t i on .   Fu r the rmore ,   i n   o rd ina ry   w ind  

t u n n e l s   r e a l i s t i c   R e y n o l d s  number s i m u l a t i o n   i s  accompanied  by la rge  

aerodynamic  loads ( t y p i c a l l y ,   l a r g e   v a l u e s   o f  dynamic  pressure,  q). 

This, of course,  tends t o  increase  the  demand for  l a r g e r  and  more power- 

f u l   s u p p o r t   c o i l s .  Recent  developments o f   t he   c ryogen ic   w ind   t unne l  

concept  have  involved t h i s   s i t u a t i o n   g r e a t l y   a s   d i s c u s s e d   i n   s e c t i o n  4.3. 

4.  I Sca I i na Laws 

In  1966 Parker   formulated  s imple  sca l ing laws f o r  a i r  core  magnets 

( I I .  These are  summari zed i n   F i g u r e  16. Parameters  re1  evant t o   t h e  

des ign  o f   both  magnet iz ing and g r a d i e n t   c o i l s   a r e   i n c l u d e d .  From these 

s c a l i n g  laws, Parker  concluded  that  the  most  promising  approach t o  

applying  magnetic  suspension  techniques t o  l a r g e   f a c i l i t i e s   c o n s i s t e d   o f  

us ing magnets b u i l t  of  low r e s i s t i v i t y   c o n d u c t o r s .   T h i s   r e a l i z a t i o n   l e d  

t o  t h e  llcoId  balance"  concept, i n i t i a l l y   c o n c e i v e d   a r o u n d   h i g h   p u r i t y  

conductors  operated a t  extremely low temperatures  (supercooled) and 

subsequen t l y   evo lv ing   t owards   t he   u t i l i za t i on  of  superconductors. 

When superconductors  are used, such  as i n   t h e   f a c i l i t y   d e s c r i b e d   i n  

t h i s   r e p o r t ,  joul i a n  power d iss i .pa t ion  has  no r e a l  meaning.  since 
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superconductorsdjssipate no  power when opera ted   i n  a  d.c. mode. The 

r e v e l a n t   c o r r e s p o n d i n g   q u a n t i t y   i s   t h e  a.c.  power d i s s i p a t i o n  of t h e  

g rad ien t   co i l s   as   d i scussed  above i n   s e c t i o n  3.3. The s c a l i n g  of these 

power losses i s   n o t   a s   s i m p l e   a s  i s  t h a t   f o r   c o n y e n t i o n a l  magnets. 

Experimenta I resu I t s  repo r ted   i n   re fe rence  9 p o i   n t  

r e l a t i o n s h i p  of t h e  form: 

-%I E I 6 
f x k  

where E i s   t h e   r a t e  of energy   d iss ipa t ion  measured 

owards  an  a.c.-losses 

n terms  o f   he l ium 

evaporat ion  rate,  f i s   t h e   f r e q u e n c y   o f   t h e   s i n u s o i d a l  c o i l  e x c i t a t i o n ,  

R i s   t h e   t o t a l   l e n g t h   o f   s u p e r c o n d u c t o r   i n   t h e   w i n d i n g s ,  I i s  t h e  

r.m.s.  magnitude o f   t h e   e x c i t a t i o n ,  and 6 has a v a l u e   t y p i c a l l y  be- 

tween  2.0  and 2.5. Experiments  performed i n   o u r   l a b o r a t o r y   c o n f i r m  

t h i s   t y p e   o f   r e l a t i o n s h i p   i n   g e n e r a l  as shown by r e s u l t s   p l o t t e d   i n  

F igure 17. 

In   the  des ign  ext rapolat ions  d iscussed  be low it has  been assumed t h a t  

current  magnitudes and frequencies wi l l  be t h e  same f o r   l a r g e r   f a c i l i t i e s  

a s   t h e y   a r e   f o r   t h e   p r o t o t y p e   f a c i l i t y ,  such t h a t   c o i l   s i z e  and windings 

c ross   sec t i on   a re   t he   on l y   C la r i ab les   ava i l ab le  t o  the  des igner .   Th is  

i s  perhaps  an unnecessarily,conservative assumption  since, f o r  example, 

t h e r e   i s  good reason t o  e x p e c t   s u b s t a n t i a l l y   l o w e r   c h a r a c t e r i s t i c  

o p e r a t i n g   f r e q u e n c i e s   i n   l a r g e r   f a c i l i t i e s .  Also, somewhat  more 

c o m p l i c a t e d   t r a d e - o f f   c a l c u l a t i o n s   w o u l d   i n   a l l   p r o b a b i l i t y   y i e l d  more 

favorable  combinat ions  o f   s izes and c u r r e n t   l e v e l s  for  g r a d i e n t   c o i l s .  

However, g i v e n   t h e   i n t e n t   o f   t h e   p r e s e n t   p r e l i m i n a r y   d e s i g n   c a l c u l a t i o n s  

it makes sense t o  take  th is   worst -case  approach  as a s a f e t y   f a c t o r .  

4.2 Optimized Coil C o n f i g u r a t i o n .  

The main   purpose  o f   th is   des ign   ex t rapo la t ion   exerc ise  was t o  

es t ima teoonserva t i ve l y the  order  of  magnitude  of c o i l  s i z e  and l i q u i d  

helium  consumption  requirements for  large  scale  aerodynamic  test  

f a c i l i t i e s .  Furthermore, it i s   u s e f u l   t o   e x p l o r e   t h e   a d v a n t a g e s   o f  com- 

b i n i n g  a superconductor  magnetic  suspension and balance  wi th  a cryogenic  

wind  tunnel. I t  must  be pointed  out,  however, t h a t  no s p e c i f i c  
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aerodynamic t e s t s  were  being  considered and,  hence, it would  have  been 

premature t o   d e c i d e   o n  any p a r t i c u l a r  co i l  con f igura t ion   as   be ing  

op t ima l   i n  some sense.  Rather, a1 I c a l c u l a t i o n s  were made f o r  a t a n - l  6 
con f igu ra t i on   w i th   d rag   augmen ta t i on   s im i l a r  t o  t h a t   o f   t h e  improved 

prototype  design.  Also, a s imple  spher ica l  model was used i n   t h e  

c a l c u l a t i o n s   a s  an adequate  representat ive  o f   the  sca le of more r e a l i s t i c  

aerodynamic  shapes.  Again, resu l t s   p resen ted  below  should  be  considered 

r e a l i s t i c   f r o m   t h e   p o i n t   o f   v i e w   o f   o r d e r   o f   m a g n i t u d e   o n l y .  

B e f o r e   e x t r a p o l   a t  

p r o t o t y p e   f a c i l i t y   t o  

c o i l  assembly was c a r r  

by  changes made dur ing  

dur 

wou 

wou 

t o  

ing  design and o p e r a t i o n a l   c h a r a c t e r i s t i c s  of t h e  

l a r g e   s c a l e   f a c i l i t i e s ,  a redesign of the   p ro to type  

i e d   o u t   t o   t a k e   a d v a n t a g e   o f   o p p o r t u n i t i e s   c r e a t e d  

t h e  development o f   t h e   f a c i l i t y  and lessons  learned 

ng t h e  shake down and tes t ing   p rocess .  The p r i n c i p a l  changes t h a t  

d be  implemented i n  a new c o i l  system  are: ( I )  t h e  main f i e l d   c o i l  

d be s p l i t   i n t o  a H e l m h o l t z - l i k e   p a i r   o f   c o i l s   w i t h   t h e  same p o l a r i t y  

mprove t h e   u n i f o r m i t y   o f   t h e   m a g n e t i z i n g   f i e l d   i n   t h e   v i c i n i t y   o f   t h e  

nomimal suspension  point, and (2)   the  drag  augmentat ion  co i ls   would be 

moved c l o s e r   t o   t h e   s u s p e n s i o n   p o i n t  and the i r   w ind ings   wou ld  be  located 

a t  a more f a v o r a b l e   a n g l e   w i t h   r e s p e c t   t o   t h e   c o i l   a x i s ,   t h u s   i n c r e a s i n g  

t h e   a x i a l   f i e l d   g r a d i e n t  a t  NSP by n e a r l y  50%. On t h e  whole  these  changes 

r e s u l t   i n  a s u b s t a n t i a l l y  more compact c o i l  assembly  than t h a t   o f   t h e  

e x i s t i n g   p r o t o t y p e   f a c i l i t y .   T h i s  improved  prototype  design  has been 

taken  as  the  bas is   for   the  ext rapolat ions  d iscussed  be low.  The 

p r i n c i p a l   c o i l   d i m e n s i o n s   f o r   t h i s   o p t i m i z e d   p r o t o t y p e   c o n f i g u r a t i o n   a r e  

g i ven   i n   Tab le  5. 

cot L 

Main F i e l d  

Drag  Augmentation 

Grad i e n t  

TABLE 5 

OD/ID/LENGTH 
(cm 1 

48/40/4 

50/38/6 

20/12.7/1.3 

N Turns # C o i l s  

I400 

3200 

I 35 

2 

2 

6 

45 



4.3 E x t r a p o l a t i o n  t o  L a r g e r   F a c i l i t i e s  

To unders tand   t he   co i l   sca l i ng   p rocess  it i s   u s e f u l   t o  remember 

t h a t  for  a g iven  geomet r ic   co i l   con f igura t ion ,   the   magn i tude of t h e  

magnet ic  force  exerted  by a p a i r  of g r a d i e n t   c o i l s  on a magnetized 

sphere i s  of the  form: 

aBX 
ax FMAG = kVM - 

aBX where V, M, and - , have  been d e f i n e d   b e f o r e   i n   t h i s   p a p e r  and k i s  a 

constant  whose magnitude depends  on t h e  geometry o f   t h e   g r a d i e n t   c o i l  

w i n d i n g s   r e l a t i v e   t o   t h e   d i r e c t i o n   o f   m a g n e t i z a t i o n  and p o s i t i o n   o f   t h e  

sphere. O f  course, i n   t h e  case o f   a i r - c o r e   c o i l s  d-he magnitudes o f  

magne t i c   f i e lds  and t h e i r   g r a d i e n t s   a r e   s i m p l y   p r o p o r t i o n a l   t o   t h e  

magnitudes of the   respec t i ve   cu r ren ts .  A t  t h e  same time,  aerodynamic 

fo rces   a re   app rox ima te l y   p ropor t i ona l   t o   t he   c ross   sec t i ona l   a rea   o f  a 

mode I .  For examp le, for  a sphere o f   d iameter  d the   d rag   fo rce   exer ted  

by a f low  charac ter ized  by a dynamic pressure q i s :  

ax 

r d 2  D = C  9 -  D 4  

From t h e   s c a l i n g  laws  summarized i n   F i g u r e  16 it f o l l o w s   t h a t   t h e  

magnitudes  of.  magnetic f i e l d   g r a d i e n t s   r e m a i n   c o n s t a n t   f o r   s i m i l a r   c o i l  

geomet r ies   wh i le   the   magn i tudes   o f   magnet iz ing   f ie lds   sca le   l inear ly  

w i t h   t h e   c o i l   c h a r a c t e r i s t i c   d i m e n s i o n .  Thus, assuming tha t   t he   suppor ted  

sphere 's   magnet iza t ion   inc reases   l inear ly   w i th   magnet iz ing   f ie ld  (a  good 

a p p r o x i m a t i o n   f o r   i r o n   i n   t h e   r a n g e   o f   m a g n e t i c   f i e l d   i n t e n s i t i e s   o f  

i n te res t   he re ) ,  a p rac t ica l   express ion   fo r   comput ing   co i l   s ize   requ i rements  

f o r   l a r g e r   b u t   s i m i l a r l y  shaped c o i l   c o n f i g u r a t i o n s   i s :  

DA GRAD 

where A i s   t h e   c o i l   s c a l i n g   f a c t o r   ( d i f f e r e n t ,   i n   g e n e r a l ,  from t h e  model 

s c a l i n g   f a c t o r )  and E rep resen ts   t he   re la t i ve   s teady   s ta te   con t r i bu t i on  

by t h e   g r a d i e n t   c o i l s   t o   t h e   m a g n e t i c   f o r c e   c h e c k i n g  aerodynamic  drag. 
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The c o n t r i b u t i o n  by t h e  model weight  has been n e g l e c t e d   i n   t h i s  

express ion.   Current   densi ty   leve ls   are assumed t o  remain unchanged and, 

hence, c o i l  volumes sca le   w i th   the   magn i tude  o f   the   p roduc t  A(--). N12 NI1 
C o i l   s i z e   i s   i m p o r t a n t   f o r   t h r e e   r e a s o n s .   F i r s t ,  c o i l  and c r y o s t a t  

costs  should be  dependent  on s i z e   a t   l e a s t   l i n e a r l y .  Second, steady 

s ta te   he l ium  evapora t ion   losses   a re   expec ted   to  depend on  wetted  area 

and, hence, t o  sca le   rough ly   w i th   t he   square   o f   t he   co i l s   (and   t he re fo re  

c ryos ta t )   cha rac te r i s t i c   d imens ion .   Th i rd ,  a.c. l o s s e s   o f   g r a d i e n t   c o i l s  

appear t o   s c a l e   l i n e a r l y   w i t h   t h e   f r e q u e n c y   o f   t h e   c h a n g i n g   c u r r e n t  and 

the   l eng th   o f  wound superconductor   (see  d iscuss ion  in   sect ion 4 . 1 ) .  

Two s p e c i f i c  examples o f   e x t r a p o l a t i o n   t o   l a r g e r   f a c i l i t i e s  have 

been  chosen.  Both a r e   r e a l i s t i c   i n   t h e  sense t h a t   t h e y   i n v o l v e   e i t h e r  

e x i s t i n g   o r   p l a n n e d   a e r o d y n a m i c   t e s t   f a c i l i t i e s   ( b o t h   a t  NASA Langley 

Research   Center ) .   Bo th   a re   representa t ive   o f   the   inc reased  po ten t ia l   fo r  

u t i l i za t ion   o f   magnet ic   suspens ion   techn iques   b rought   about  by t h e  emerg- 

ing  cryogenic  wind  tunnel   technology  for   h igh  Reynolds number s imu la t ion .  

Sca l ing   to   Lang ley   Cryogen ic   T ranson ic   P i lo t   Tunne l :   Th is   i s  a h i g h l y  

success fu l   fu l l y   opera t iona.1   fac i l i t y   deve loped a t  NASA Langley  Research 

Center to   exp lo re   t he   des ign ,   ope ra t i ona l ,  and research   cha rac te r i s t i cs  

of the  h igh  Reynolds number cryogenic  wind  tunnel  concept ( I O ) .  From 

t h e   p o i n t  of view  of   invest igat ing  extensions  of   the  magnet ic  suspension 

t e c h n i q u e   t o   l a r g e   s c a l e   f a c i l i t i e s ,   t h i s   f a c i l i t y   o f f e r s   t h e   t w o  main 

advantages of cryogenic  wind  tunnels,   i .e. ,   drast ical ly  reduced  aerody- 

namic  loads f o r  a given  Reynolds number ( low  q )  and great ly  reduced 

c a p i t a l   c o s t s  because of r e l a t i v e l y   s m a l l   s i z e .   I n   t h i s   p a r t i c u l a r  case, 

t h e   i n t e r m e d i a t e   s i z e   o f   t h e   f a c i l i t y   o f f e r s   t h e   a d d i t i o n a l   a d v a n t a g e  

o f   p r o v i d i n g   t h e   d e s i g n e r   w i t h  an i d e a l   s i z e   s t e p   i n   h i s   d e s i g n   e x t r a -  

po la t i on .  

”- 

A larger   s ize ,  octagonal t e s t   s e c t i o n  has been assumed a v a i l a b l e  

as a m o d i f i c a t i o n   o f   t h e   T r a n s o n i c   P i l o t  Tunnel, f o r   t h e  purposes of 

t h i s   e x e r c i s e .  Ex t reme  (bu t   r ,ea l i s t i c )   f low  cond i t ions   have  a lso  been 

47 



assumed. Resu l ts   a re   p resented   in   Tab le  6. A scaled sketch of the 

respec t i ve  co i l  c o n f i g u r a t i o n s  i s  g iven  as  F igure 18 where t h e   r e l a t i v e  

c o i l  s i z e   r e d u c t i o n  i s  e v i d e n t ,   p a r t i c u l a r l y  f o r  GRAD and DA co i ls .  

Thus, f o r  example, a l though model  volume increases  by a f a c t o r  o f  64 

and   d rag   capab i l i t y   by  a f a c t o r  o f  50, g r a d i e n t  c o i l  volume  and  helium 

bo i l -o f f   inc rease  on ly   by  a f a c t o r  of 8. 

. I  

N o t e   t h a t   i n   F i g u r e  18 t h e   l i n e a r   s c a l e  o f  the   ske tch  fo r  t h e   l a r g e r  

f a c i l i t y  has  been reduced  by a f a c t o r  of  4 t o  p e r m i t   d i r e c t   v i s u a l  

compar i son   w i th   t he   op t im ized   p ro to type   f ac i l i t y .  Hence, fo r  example, 

i t  i s  a p p a r e n t   t h a t   s u b s t a n t i a l   r e l a t i v e   r e d u c t i o n s   i n   s i z e  o f  g r a d i e n t  

c o i l s  and drag   augmenta t ion   co i l s   a re   poss ib le  even w i t h i n   t h e   r a t h e r  

conservat ive  assumptions  stated above. 

Sca l ing  t o  Langley  Cryogenic  Transonic  Research  Tunnel:  This i s  a 

t r u l y   l a r g e   s c a l e   f a c i l i t y   s t i l l   i n   t h e   d e s i g n   s t a t e  a 

Center. The only  purpose o f  s p e c u l a t i n g   t h i s   f a r   i n t o  

f u t u r e   i s  t o  exp lo re  t o  a p r a c t i c a l   u p p e r   l i m i t   t h e   r e  

t Lang 

an  as 

l a t i v e  

of  s c a l i n g  a superconductor   magnet ic   suspension  whi le   a t   the 

I ey  Research 

y e t   u n c e r t a i n  

advantages 

same t ime  

get t ing  crude  upper  limit est imates of  helium  consumption. The l a s t  

column in   Tab le  6 summarizes t h e   r e s u l t s  of  c a l c u l a t i o n s  based  on 

s t r a i g h t   e x t r a p o l a t i o n  from the  des ign fo r  t h e   L a n g l e y   p i l o t   f a c i l i t y .  

That i s ,  no f u r t h e r   r e l a t i v e   r e d u c t i o n   i n   c r y o s t a t  or  c o i l   s i z e   i s  

assumed. Estimated c o i l  s i zes  and he l ium  losses   a re   expec ted ly   qu i te  

l a rge   bu t  do no t   appear   fo rb idd ing   in   v iew of  t h e   s i z e   o f   t h e   o v e r a l l  

t e s t   f a c i l i t y .  Furthermore,  considerable improvements should be poss ib le  

by  a more e laborate  des ign  opt imizat ion  process.  
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TABLE 6 

Summary o f  Design Extrapolations t o  Large Scale Aerodynamic Faci l i t ies  

OPT I M I ZED  FOR  LANGLEY  TRANSON IC FOR  LANGLEY  TRANSONIC 
PARAMETERS  RELEVANT  TO FACILITY  SCALING UVA PROTOTYPE  PILOT  TUNNEL  RESEARCH  TUNNEL 

I. TUNNEL  GEOMETRY 
Shape of   test   sect ion 
size (m) x IO 

MODEL  SCALING 
diameter: d 
projected area: n., d2 
volume: Q d3 

FLOW  CHARACTERIZATION 
Mach  number 
stagnation  pressure (atm) 
dynamic pressure (kN/m2) 

c i rcu lar  
diameter: I .46 

octogona I 
across f la ts :  6.10 

octogona I 
across f la ts :  24.4 

2. 
4 

16 
64 

16 
256 

4096 

3. 
3 
3.4 

59 

I 
5.0 

I88 

50 

1 
4.0 

154 

660 SPHERE DRAG SCALING I 

CO 1 L GEOMETR I ES (MF/DA/GRAD) 
mean diameter ( m )  x IO 4.39/4.39/1.65 
cross  section (sq m) x I00 .160/.361/.048 
volume (cu m)  x 1000 2.21/4.98/.25 
mean half angle t o   a x i s  (deg) 69/55/25 

HELIUM  ANNULUS  GEOMETRY 
inner wetted diameter (m) x I O  2.4 
outer wetted diameter (m) x IO 6.6 

4. 

5. 
13.65/11.99/7.11 
I .61/.645/.089 
69.3/24.3/2.00 

69/55/3 I 

54.36/48.01/28.45 
6.45/2.06/2.84 
I I10/31 1/25.6 

69/55/3 I 

6. 
32.0 
71.1 

8.0 
17.8 

7. MAGNETIC  FIELD  SCALING 
requ i red drag capab i I i t y  
model  volume factor 
model magnetization factor 
drag augmentation factor 
gradient  coi I factor 

50 
64 

3.25 
.24 
.24 

660 
4096 

3.25 
.05 
.05 

8. HEL I UM BO I L-OFF 
scaling  factor  for background losses I 
scaling  factor  for  gradient  coil 

1 osses 1 
boi  I-off  rate: (background/gradient 

coi I s/tota I 1 (PJhr) 5/5/ IO 

8.2 131 

7.9 1 02 

4 I /39/80 655/5 I O/ I I65 
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4.4  Future  Design  Options 

The superconductor  magnetic  suspension and b a l a n c e   p r o t o t y p e   f a c i l i t y  

developed a t   t h e   U n i v e r s i t y   o f   V i r g i n i a  has  served i t s  main o b j e c t i v e   o f  

p rov ing   t he   f eas ib i l i t y   o f   t h i s   magne t i c   suspens ion   concep t .  

Technology  relevant t o  imp lemen t ing   ex t rapo la t i ons   o f   t he   t echn ique   t o  

l a r g e r   f a c i l i t i e s  has  been explored. Much has been learned  concerning 

design and o p e r a t i o n a l   c h a r a c t e r i s t i c s  of t h i s   t y p e   o f   f a c i l i t y .  From 

t h i s   f i r s t - h a n d  knowledge a l i s t  of problem  areas  where  research  e f for ts  

should be q u i t e   f r u i t f u l  has emerged. A b r i e f   d i s c u s s i o n  on  each i tem 

i n   t h i s   l i s t   f o l l o w s :  

Power SuDDlies: The one i n i t i a l   u n d e s i r a b l e   c h a r a c t e r i s t i c   o f   t h e  

prototype power a m p l i f i e r s   i s   t h e   n o i s y   s w i t c h i n g   o p e r a t i o n .  Two 

immediate b e n e f i t s  w i  I I accrue  from  "smoother" power amp1 i f i e r s ,  i.e., 

lower   l iqu id   he l ium  evapora t ion   ra tes  and  removal o f   t h e  main obs tac le  

i n   t h e  way of a t r u l y   e f f e c t i v e   e l e c t r o m a g n e t i c  model pos i t ion   sensor .  

An a d d i t i o n a l   f e a t u r e   t o  be   exp lo red   conce rns   t he   f eas ib i l i t y   o f  

b i - d i r e c t i o n a l  power amp l i f i e r   ope ra t i on   t o   reduce   t he   ave rage   g rad ien t  

c o i l   o p e r a t i n g   c u r r e n t   t o   z e r o .  

Model P o s i t i o n  Sensors:  The  shape-independent c h a r a c t e r i s t i c   i s  

very   des i rab le.  The p o t e n t i a l  of electromagnet ic  posi t ion  sensors  should 

be re-examined i n   t h e   l i g h t   o f   p r o g r e s s   w i t h   n o i s e l e s s  power a m p l i f i e r s .  

Cryostat   Design: As f a c i l i t i e s  become larger,  background  helium 

evaporat ion  ra tes become s i g n i f i c a n t .  I t  i s   f e l t   t h a t  much improvement 

can  be made i n   t h i s   a r e a .  Also, t he   ques t i ons   o f   t unne l   access ib i l i t y  

and c o n v e r t i b i l i t y  from a magnetic  suspension mode t o   o t h e r   t u n n e l  

opera t ing  modes must be  examined i n   d e t a i l   f o r   l a r g e   s c a l e   f a c i l i t i e s .  

Safety and R e l i a b i l i t y :  Again, the  safety   problem becomes more 

impor tant   as  the  sca le of t h e   f a c i l i t y  grows la rger .  The area of 

re l i ab i l i t y   o f   magne t i c   suspens ion   o f   w ind   t unne l  models  (as  models 

become l a r g e r  and  more expensive)  has  not been s t u d i e d   i n   d e t a i l  so fa r ,  

b u t   t h e  economic i ncen t i ve   o f   do ing  so f o r   l a r g e r  systems i s  obvious. 
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Magnetic Coils: Better  superconductors from the   v iewpo in ts  of a.c. 

losses and c u r r e n t   c a r r y i n g   c a p a c i t y  wi l l  obv ious ly  make the  magnet ic 

suspension  technique more a t t r a c t i v e  for  l a r g e r   f a c i l i t i e s .   G i v e n   t h e  

o v e r a l l  low temperature  env i ronment   furn ished  in termi t tent ly  by cryogenic 

tunnels ,   the  quest ion  o f   us ing  non-superconductor   co i ls   should be 

re-examined  as  discussed i n   s e c t i o n  2.1. 

Wind Tunnel /Magnet ic  Suspension  Interface:  Very  s igni f icant 

improvements w i t h   r e s p e c t   t o   t h e   p r o t o t y p e   f a c i l i t y  can be e f f e c t e d .  

Q u e s t i o n s   o f   a c c e s s i b i l i t y   f o r   s e t t i n g  up and o b s e r v a t i o n ,   c o n v e r t i b i l i t y  

to   regu la r   w ind   tunne l   opera t ion ,  and o ther   re levant   ques t ions   shou ld  

be s tud ied   i n   cons ide rab le   de ta i l   be fo re   f reez ing   t he   des ign   o f   l a rge r  

f a c i l i t i e s .  

5. CONCLUS I ON 

T h i s   p r o j e c t  has  been  an unusua l ly   reward ing   exper ience  fo r   th is  

author and a host  of   co-workers who, a t  a l l   l e v e l s   o f   e x p e r t i s e  and 

r e s p o n s i b i l i t y ,  have made the  repor ted  success  o f   th is   proof -of -concept  

p ro jec t   poss ib le .  However, s a t i s f a c t i o n  o f  past  accomplishments  cannot 

compare w i t h   t h e  sense of  a n t i c i p a t i o n   f o r  what  can be accomplished  in 

t h e   f u t u r e .  The technica l   breakthrough  repor ted  here in   together   wi th  

the  spectacular   success  o f   the  cryogenic   wind  tunnel   concept  have 

f i n a l l y  made t h e  dream o f  a large-scale  c lean-tunnel   aerodynamic  test ing 

t r u l y   f e a s i b l e .  

In   v iew  o f   the  above, one  cannot  escape the   conc lus ion   t ha t   t he  

log ica l   next   s tep  should be t o   b u i l d  a medium s i z e   f a c i l i t y  where t h e  

des ign   ex t rapo la t ion   es t imates  and the  suggested  improvements  can  be 

tested.  A l l  the  necessary  technology t o   c a r r y   o u t   t h i s   n e x t   s t e p  i s  

a v a i l a b l e   t o d a y .   I d e a l l y ,   t h i s   i n t e r m e d i a t e   s c a l e   f a c i l i t y  would  combine 

a superconductor  magnetic  suspension  with a cryogenic  wind  tunnel ,   thus 

e n a b l i n g   s u f f i c i e n t l y   h i g h  Reynolds number experiments t o  be performed t o  

assess   quant i ta t i ve ly   the   mer i ts   o f   f ree-suppor t   aerodynamic   tes t ing   in  

r e a l i s t i c   f l i g h t   s i m u l a t i o n   e n v i r o n m e n t s .  The implementation of  such 

proposal  should  prove a cha l leng ing  and rewarding  endeavor. 
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Illustrative  Photographs of Prototype Facility 
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Drag Augrnentati on Co i 1 

Gradient Co i I 
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lblain F i e l d  Coi I 
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Coi l  Assembly and Radiation Shields Suspended from Top Plate 
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Inside of  Helium Dewar 

(Coil Assembly F i t s  in Bottom Annular Space) 
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General System View Including Power Ampl i f iers  (extreme  r ight)  and  Wind Tunnel Control 
Panel (foreground) 


